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FOREWORD 

By Professor W. Brown, D,Sc., F.R.S. 


Mycology, as a subject for research and as affecting the 
life of the ordinary citizen, has made remarkable advances 
in the past quarter-century. Before the First World War 
there were not many universities in which the study of 
mycology meant more than the examination of a few type 
fungi, and the emphasis of the research worker or teacher 
was usually taxonomic or cytological, with the elucidation 
of phylogenetic relationships as the main objective. It is 
true that the peculiar suitability of fungi (and of similar 
groups such as the bacteria) for physiological research, 
especially of processes of catabolism, had long been 
appreciated, and there is, in fact, a scattered literature of 
this nature extending back over something like a century. 
Apart, however, from specialised studies, such as that of 
alcoholic fermentation or of the metabolism of certain 
bacteria important for human disease or for agriculture, 
little was known of the physiology of micro-organisms in 
general. 

The decade 1910-20 or thereabouts brought a consider¬ 
able quickening of interest in the impact of fungi and 
similar organisms on human affairs. Both in Great Britain 
and elsewhere, and perhaps most notably in North America, 
great developments in the study of plant disease were set 
on foot, and the organisations which then came into being 
have grown and multiplied through the years. These 
activities have led to an intensive study of fungi as the 
chief agents of plant disease, and this study has been along 
all possible lines—morphological and taxonomic, cultural, 
physiological and more lately genetical. Furthermore, 
there have been parallel developments in other fields, as in 
industrial microbiology, in the preparation and conserva¬ 
tion of foods, and, as the most recent example of all, in 
the intensive exploitation of fungi and bacteria for the 
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production of therapeutic and antibiotic substances. The 
name of Penicillin is familiar to everyone, but this is only 
one of a number of such substances, and the fungi are also 
valuable sources of other important products, such as 
vitamins. 

The emphasis in mycology, or to use the wider and rather 
ill-defined word microbiology, is coming more and more 
to be physiological and biochemical, and the subject is 
thus tending in part to pass from the sphere of the biologist. 
That micro-organisms should be the happy hunting-ground 
for materials of great human value is all to the good, but it 
would be regrettable if a tendency to make microbiology 
an appanage of organic chemistry should go too far. In the 
last resort, the greatest scientific interest concerned lies in 
the functioning of the organism as a whole, and fungal 
morphology, in other words the old-fashioned mycology, 
studied afresh in the light of new physiological and bio¬ 
chemical knowledge, is still a very live and absorbing 
subject. 

Dr. Hawker’s approach is that of the botanist, and her 
own contributions have lain chiefly in the field of fungal 
nutrition, more especially with regard to growth-sub¬ 
stances. Her book is thus devised primarily for the botanical 
worker who possesses a certain biochemical background, 
but whose concern is largely the handling of micro¬ 
organisms with a view to eliciting their place and function 
in their natural surroundings. To such workers it should 
prove to be of the greatest value, containing as it does a full 
and well-balanced digest of the very extensive literature on 
the subject. It is to be hoped also that, though biochemical 
aspects are treated only up to a point, the book will be 
welcomed by the chemist, whose training may not always 
have led him to appreciate the make-up of living organisms, 
their potentialities and limitations, and sometimes their 
vagaries. 

^ W. Brown. 

Depabtment of Botany, 

Impebial College of Science and Technology, 

London. 
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This book is an attempt to provide an outline of the 
physiology of fungi with particular stress on those aspects 
peculiar to the group. In order to keep the book to a 
reasonable size, the fundamental principles of physiology 
common to higher plants and fungi have not been de¬ 
scribed at length, since these are adequately treated in 
existing text-books of plant physiology. Similarly, no 
attempt has been made to deal fully with the biochemistry 
of fungi, including fungal enzymes, respiration and mould 
syntheses, but reference is given to recent reviews. The 
whole subject is expanding so rapidly that it is neither 
possible nor desirable to give a full review of the vast 
accumulated literature. The bibliography is, however, 
supplemented by lists of books and reviews at the ends of 
some of the chapters. 

While the book is mainly designed for university students 
and research workers in mycology, it is believed that it will 
also be of use to those engaged in agricultural, industrial 
and medical research, whose training is not primarily 
botanical, but who, through the recent striking develop¬ 
ments in applied mycology, are forced to deal with the 
fungi which to them may be an unfamiliar group. 

As is well known, the pioneer researches of Professor 
W. Brown, F.R.S., of the Imperial College of Science and 
Technology, London, have contributed much to our know¬ 
ledge of the physiology of fungi. It was my privilege to work 
under him for many years, and this book owes much to his 
guidance and enthusiasm for the subject during that 
period, and more recently to his kindness in reading the 
manuscript and making suggestions for its improvement. 
My thanks are also due to Professor M. Skene, of Bristol 
University, Professor C. T. Ingold, of Birkbeck College, 
London University, and others, for helpful criticism, and to 
my colleagues. Miss J. Fraymouth and Miss V. 0. Nicholls, 

for assistance in the preparation of the index, 

• • 
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Most of the text figures are original drawings, and others 
have been redrawn from various books and papers with 
acknowledgments to the authors. Thanks are due, however, 
to the editor of Annals of Botany and the Clarendon Press 
for permission to reproduce figures from my papers in that 
journal, to Dr. W. P. K. Findlay and H.M.S.O. for per¬ 
mission to reproduce his photographs of Armillaria (Plate 
I, Figs. 3 and 4), to Mr. W.. C. Moore for Plate I, Fig. 1, 
and to Professor Brown for permission to reproduce 
photographs illustrating his own and his students’ work 

(Plate I, Fig. 2; Plate III, Figs. 3-6). 

L. E. H. 
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Chapter One 


INTRODUCTION: 

TYPICAL LIFE-CYCLE OF FUNGI 

1 The Spore — 2 Spore Germination — 3 The Mycelium — 4 Sprout 
Mycelia — 5 Oidia —6 Chlamydospores — 7 Stromata—8 Sclero- 
tia — 9 Organs of Attachment and Absorption — 10 Spore Pro¬ 
duction — 11 Spore Dispersal — 12 The Classification of Fungi. 

The fungi are a large heterogeneous group of organisms, 
none of which possesses the green colouring matter, 
chlorophyll, which is found in most higher plants and in 
the algae. Consequently, like the majority of bacteria 
and those few exceptional higher plants which lack chloro¬ 
phyll, they are unable to utilise the carbon dioxide of the 
air for the production of carbohydrates by photosynthesis. 
Some bacteria derive sufficient energy for growth from the 
oxidation of inorganic substances, but fungi require pre¬ 
viously elaborated carbon compounds as a source of energy. 
Carbohydrates are the most suitable of these, but many 
fungi are able to utilise fats, proteins, higher alcohols such 
as mannitol, or organic acids such as tartaric acid. 

Since fungi are dependent on previously elaborated 
compounds for their supply of carbon, they must either 
live saprophytically on the products or remains of other 
organisms or parasitically on living ones. They occupy a 
wide variety of habitats and are found in almost any moist 
situation. Both saprophytic and parasitic forms include 
many of great economic importance. Saprophytic fungi in 
the soil play a large part in the breaking down of the com¬ 
plex materials of plant and animal remains into simpler 
compounds which green plants are able to use. Others are 
responsible for the deterioration of stored products, such 
as foods, textiles or timber. Yet others are of commercial 
value for their powers of synthesising complex substances, 
including citric and other organic acids, alcohol, vitamins, 
P.O.F.— 2 1 
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penicillin and other antibiotics ^ from relatively cheap 
materials. Most crop plants of economic importance are 
attacked by one or more destructive fungal parasites which 
cause serious losses or are controlled only by methods 
which increase production costs. A few fungi are parasites 
on man and other warm-blooded animals, and these include 
a number causing serious diseases. 


Thus, with such a wide variety of habitat it is not sur¬ 
prising that the fungi show a correspondingly wide range of 
morphological and physiological characters. This book is 
concerned with the relation of fungi to their environment, 
but some consideration of their generalised life-histories 
and of the structure of the fungus body or thallus is a 
necessary preliminary to the study of their physiology. 

1—THE SPORE 


Most fungi reproduce by characteristic spores. These are 
minute bodies which cannot be seen with the naked eye 
except in the mass. Fig. 1 gives examples of spores of 
various types and indicates their sizes. Most are unicellular, 
but others have one or more septa which mayibe in more 
than one plane. Some fungi, which are though^ to be rela¬ 
tively primitive, produce motile spores or/zqosporeg. These 
are usually without a cell wall and swim by means of fine 
threads (cilia or flageUae) which lash about in the water. 
Most fungal spores are non-motile, and are enclosed in a 
wall which may be thin or thickened, smooth or sculptured 
in various ways (echinulate, reticulate, spiny), or may have 
elaborate appendages. Some have a gelatinous sheath sur¬ 
rounding the cell wall. Many are colourless (hyaline), but 
others are dark or brightly coloured. The cytoplasm usuaUy 
extends throughout the spore, so that there is no vacuole. 

1 he water content of spores is often lower than that of the 
vegetative parts or mycelium of the fungus, since not only 
are vacuoles normally absent, but in addition the con- 

stored food substances in the protoplasm is 
oil drops and granules may sometimes be 
seen. The spore is often able to withstand a period of un- 
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Fic. 1 .—Fungal Spores. 

(a) Mucor sp.> 8mall« dark, l-celled sporangiospores with slightly echinulate walls. 
(b) Botrytis cinereal smooth^walled, greyish'green l*celled conidia. (c) Fusarium 
fructigenumt sickle-shaped septate cooidLi, sdmon-pink in the mass, but hyaline 
when seen singly under microscope, (d) Cunninghamella elegam, echinulate, 1- 
celled hyaline conidia. (e) Cephalothecium (Trichothecium) roseum, smooth-walled, 
2-celled conidia, pink in mass, but hyaline when seen singly under microscope. 
If) Alternaria sp., smooth-walled, dark-coloured, muriform conidia. (^) Sordaria sp., 
smooth-walled, black ascospores, surrounded by a sheath or envelope of mucilage. 
(A) Pestalozzia sp., conidia consisting of a row of Bve cells, of which the middle three 
are dark-colotired and the end cells are smaller and hyaline. The apical cell has three 
filamentous appendages (t) Tuber excavatum, ascospores with reticulately sculptured, 
thick walls. (X 500.) 


favourable conditions which would be fatal to the vegetative 
parts of the fungus. This is probably due to the absence of 
vacuoles. Spores contain at least one nucleus, which is 
usually too minute to be demonstrated except by special 
staining methods. 
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2—SPORE GERMINATION 

If a ripe spore falls on a suitable moist substrate and 
other conditions are favourable, it absorbs water, and in 
doing so increases in size. If the spore wall is single-layered 
it bulges in one or more places, and the bulges then elongate 
to form slender threads or germ-tubes. If, however, the spore 
wall consists of more than one layer, the outer is ruptured 
and the inner extensible one protrudes and grows to form 
the germ-tube (Fig. 2). Some thick-walled spores, notably 
those of certain rusts, have definite thin places (germ pores) 
in the outer wall through which the germ-tubes emerge. 
The germ-tubes usually elongate indefinitely and branch 
freely to develop directly into the mycelium. Those of cer¬ 
tain special spores, such as the brand spores of the smuts, 
the teleutospores of the rusts or the zygospores of the 
Mucorales, remain of limited length and bear secondary 
spores which give rise to the mycelium. 

Normally, only a small proportion of fungal spores 
reaches a favourable substrate with conditions suitable for 
germination. Of these some may be unable to germinate 
because they are unripe, or are too old or have suffered loss 
of viability during dispersal. Of those which do germinate 
not all continue to develop until they produce a mature 
fungal thallus, which in turn produces a new generation of 
spores. Thus the wastage of fungal spores is enormous, 
Buller ( 107 ) gives the following figures for the number of 
spores produced by the fruit-bodies of certain Basidio- 
mycetes: a large mushroom {Psalliota campestris)^ with a 
pileus of 8 cm. diameter, 1,800,000,000 spores; a fruit-body 
of Coprinus comatus, 5,000,000,000 spores; the bracket¬ 
shaped fruit-body of Polyporus squamosus^ 11,000,000,000 
spores, and a specimen of the giant puff-ball, Lycoperdon 
bovista^ 7,000,000,000,000 spores. He points out that if 
each fruit-body of Psalliota campestris were produced 
from a single spore, only 1 in 1,800,000,000 spores would 
need to be successful in establishing itself in order to main¬ 
tain the population, but that since the vegetative parts of 
such a fungus are usually perennial, the actual number of 
successful spores must be very much lower. He calculates 
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(a) Ungenninated conidia of Botrytis cinerea. (6) Early stages in germination 
(note increase in size of spores through intake of water), (c) Later sUges, germ-tubes 
branched and regularly septate, (d) Ungerminated conidia of Fusarium/ructigenum. 
(e) Early stages in germination (note increase in size of spores through intake of 
mter). if) Later stages, showing slender, sparsely septate germ-tubes. These become 
branched later. Note that these spores normally put out more than one germ-tube, 
and that more one may emerge from a single cell. (x 500.) 


that 1,000,000,000,000 spores of Polyporus squamosus are 
wasted for every one successfully established on a suitable 
substrate. Such a wastage is counteracted by the extreme 
smallness of the spores, so that the total wastage of material 
involved is not large when compared with the weight of the 
vegetetive thallus of the fungus. Nevertheless, it involves a 
considerable loss of complex substances, since the spores 
are rich in stored food-stuflFs and vitamins. 

3—THE MYCELIUM 

When a spore has been successfully liberated from the 
parent thallus and has reached a suitable substrate under 
conditions favouring germination, it has yet to establish 

5 



physiology of fungi 


itself and to develop into the mature fungus. Even when a 
eerm-tube has been put out, shortage of food or changes in 
temperature or hunddity may prevent it from developing 
further. Under favourable conditions, however, it continues 
to grow and usually soon branches. As growth continues, 
the^hreads or hyphae continue to branch and produce an 
interwoven mass. The individual threads are just visible to 
the naked eye and are known collectively as a /nyceZmm. 
The so-called "mushroom spawn consists of a block of 
compost through which the hyphae or mycehum of the 
mushroom have ramified. Growth of the hyphae takes 
place almost entirely at the extreme tips, and the parts 
behind the tips are no longer capable of extension. New 
branches, however, may arise anywhere on the mycehuni. 

The mycelium of the Lower Fungi (Phycomycetes) is 
usually coencocytic; that is, the young vigorous hyphae 
have no cross walls or septa (Fig. 3, a, fe). The actively 
growing vegetative mycelium of such a fungus is thus a 
single much-branched cell. The cytoplasmic lining of the 
hypha is continuous, and contains numerous minute 
nuclei and granules of reserve foods. When the hyphae are 
in contact with the air, and therefore subject to evaporation 
from their surfaces, the protoplasm may readily be seen to 
stream along one side of a hypha and down the other. 
After an interval which varies with external conditions, the 
streaming stops, and may be resumed in the opposite 
direction. Streaming is particularly active at the growing 
points and where reproductive structures are being formed. 
By this means a constant flow of nutrients to the developing 
spores is probably maintained. Septa eire formed in the 
Phycomycetes in connection with spore formation and to 
seal off dead or injured portions of the mycelium. As a 
mycelium develops, the hyphae continue to grow outwards 
wherever a suitable substrate can be found. As they grow, 
they use up the available food-stuffs of the substrate, and 
the older central parts of the colony eventually become 
empty of contents and die. This degeneration extends out¬ 
wards in the rear of the advancing hyphal tips. As these old 
parts of the hyphae lose their contents, they become cut off 
by a series of septa which form progressively from the 
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Fig. 3.—Fungal Mvcf.lia. 

(a) Coarse, aseptate, branched hypha of Mucor s.xualis from edge of a colony on 
malt agar (x 100). (6) Fine, ascputc. much-branched hypha of Pythium dr 
Barywum from edge of a colony on mall agar. Note constnclion at base 
bMch (X 100). (c) Fine, regularly septate, branched hypha of Melanospora 
destrwM (from edge of a colony on malt agar (x 100). (d) Sprout mycelium 
of a yeast,'ScAuosacc/wwomyces octosporus. CcUs divide by fission and n.. true 
byphae are formed (x 500). (c) Sprout mycebum of another yeast. Z>^o- 
s^haromyccs Barkcri. ceUs produce daughter cells by budding 7/^ . iv 

loose chais, but do not form true 

Anastomosis of two hyphal tips of the sarne species (after Buller)^ Rii; '(ftU- " 
mosis of the tip of a hypha with another of the same species (after ‘ 

Lastomosis of two p'ek-like out^owths frorn byphae of the --e spec es (after 
BuUcr). The processes shown in (/), (g) and (A) took from 30 to 60 minutes. 
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centre of the colony outwards. Thus old hyphae of the 
rrmally aseptate mycelium of a 

are often seen to be rather regularly septate but empty of 

^^In^'the Higher Fungi (Ascomycetes, Basidiomycetes and 
most of the® Fungi Imperfecti) the hyphae are regular y 
septate (Fig. 3, c) and the cells may be uninucleate, bmu- 
ckate or r^ultinucleate. The cross walls forrn by the in¬ 
growth of a ring of material. Usually there is a definite pore 
fn the centre of the mature septum, so that the cytoplasrn 
is in continuous communication throughout the hypha, and 
protoplasmic streaming is not prevented. Thus the septa 
give added rigidity to the hyphae without preventing the 
passage of food-stuffs through them, although the rate of 
passage may be slower than in a coenocytic hypha. 

Fungal hyphae readily fuse (anastomose) with others of 
the same species (Fig. 3, /, g. h), so that the individual 
hyphae cannot always be easily traced. Anastomoses may 
occur between hyphae developing from the same spore or 
between those originating from similar spores. The passage 
of food-stuffs through the mycelium is facilitated by the 
development of such a network of hyphae. 


4—SPROUT MYCELIA 

If some fungi which normally produce hyphae, such as 
some species of Mucor or Aspergillus, are grown in a con¬ 
centrated sugar solution, tlie hyphae separate into in¬ 
dividual cells. Others, such as some species of Endomyces, 
form hyphae which break up so readily that the hyphal 
form is rarely seen. In the yeasts true hyphae are never 
found, and the mycelium consists of chains of oval cells 
which separate readily. These yeast cells increase either by 
fission or by budding (Fig. 3, c(, e). In both types the cells 
remain loosely attached in unstable chains, in contrast 
to true hyphae where the cells are firmly attached to one 
anotlier. Such a mycelium is known as a sprout mycelium. 


5—OIDIA 

Sometimes certain cells of the hypha round off and 
separate from the others, or a cell may bud off a daughter 
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PLATE I 


Fig. 1.—Narcissus bulb from below, showing flat, black sclerotia 
oi Sclerotinia narcissicola [Botrytis narcissicol^. 

PhoiogToph hy W. C. Moore. 

Fig, 2.—Sclerotia of Botrytis cinerea on a plate of glucose-peptone 
agar. 

Fig. 3.—Rhizomorphs of Armillaria mellea developing in culture 
on malt agar. 

Photograph by fP. P. K. FiruiUty. 

Fig. 4.—Rhizomorphs of A. mellea on decorticated trunk of dead 
pine tree. 


Photograph by W. P. K. Firidlay. 
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Fig. 4.—Oidia and Chlamydospores of "Mucor racemosus/* 

(a) Hyphae from three-day-old culture on malt extract plus sugar* showing oidia 
forming in chains at tips of hyphae. (6) Hypha from three-day old culture on a similar 
medium solidified with agar* showing young chlamydospores. (c) Hypha from eight- 
day-old culture, showing thick-walled chlamydospores containing masses of oil- 
drops. The remainder of the hypha is practically devoid of contents and beginning 
to shrivel. (X 400.) 


cell. These are known as oidia, and occur in a wide range of 
fungi, usually when the colony is submerged in liquid. 
They are commonly found in certain animal pathogens 
which do not produce hyphae in the host, although they 
may do so in artificial culture. Oidia may divide by budding 
to form a sprout mycelium (Fig. 4, a). 

6—CHLAMYDOSPORES 

Some fungi regularly produce thick-walled chlamy¬ 
dospores or gemmae, which have very dense granular con¬ 
tents including prominent oil drops. These may be ordinary 
hyphal cells which secrete a thick wall, as in Fiisarium 
oxysporum and Mucor racemosus (Fig. 4, 6, c), or they may 
be special terminal cells which swell up and become thick- 
walled as in species of the water mould Saprolegnia and 
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related genera where the gemmae may be abortive sexual 
organs. Chlamydospores may also develop from one or 
more of the cells of the spores of species of Fusarium in old 
cultures. These thick-walled cells, with their supply of re¬ 
serve foods, are able to survive periods of unfavourable 
conditions, and so function as vegetative reproductive 
bodies. The term is also sometimes used to denote the 
brand spores of the smuts or the cells from which the asci 
of species of Taphrina develop, since these are formed from 
hyphal cells which round off and secrete a thick wall. 


7—STROMATA 

Hyphae sometimes become very closely interwoven to 
produce a more or less solid mass known as a stroma. 
Sections through a stroma have the appearance of a paren¬ 
chymatous tissue, but the method of formation by the 
intermingling and fusing of hyphal threads distinguishes 
such a tissue from the true tissues of the higher plants 
which are formed from the division of the cells in more 
than one plane. When a stroma is made up of roughly 
spherical or cubical cells, it is known as a pseudoparen¬ 
chyma, while one made up of elongated elements is a 
pseudoprosenchyma. These "tissues,” consisting of inter¬ 
woven threads, are also termed plectenchyma. Stromata 
are often formed in connection with the reproductive 
Spores may be cut off from the hyphae at the surface of the 
stroma, or may be produced in special fruit-bodies borne 
on or embedded in it. Some stromata are soft and fleshy, 
others are tough and leathery, woody or hard and brittle 

(carbonaceous). 


8—SCLEROTIA 

The hyphae may also become aggregated into spherical 
or irregular bodies of various degrees of hardness, known 
as sclerotia (Plate I, Figs 1, 2). These rnay be minute specks 
such as those of Sclerotinia gladio/i. which can just be 
seen with the naked eye covering the base of 

tional "blackfellow’s bread,” which is the edible under- 
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ground sclerotium of Polypoms 7nylittci€, and ^ay 
measure as much as one foot across. They may be spherical, 
as in Sclerotium rol/sii, or flattened and irregular, as in 
Botrytis cinerea, or their form may be influenced by that 
of the host, as in Claviceps purpurea^ the ergot of rye and 
other grasses where the sclerotia take the place of the grain 
and are sickle shaped, projecting from the infected ears, or 
Cordyceps spp., which are parasites on insects and which 
fill the insect’s skin with tightly packed hyphae. Usually 
the sclerotium consists of closely interwoven hyphae 
with an outer protective layer of smaller elements which 
may have thick walls, but sometimes, as in Rhizoctonia 
solani, the sclerotia are much less compact. Often they 
are black in colour, but may be light coloured or even 
white. The "granules” formed by some animal parasites 
in the host may perhaps be interpreted as incipient 
sclerotia. 

Sclerotia are usually better able than ordinary hyphae 
to withstand periods of unfavourable conditions, such as 
drought or extremes of temperature. They are frequently 
formed by soil-inhabiting plant parasites, and these forms 
are usually difficult to eradicate, since the sclerotia are 
often able to survive in the soil for long periods even in the 
absence of the host plant ( 89 , 193 , 593 , 395 , 749 )- For 
example, 10-16 per cent, of the sclerotia of Phymato- 
trichum omnivorum^ the cause of cotton-root rot, were 
viable in the soil after five years, while 10 per cent, 
were viable after six years and only 8 per cent, after seven 
years. No sclerotia survived for nine years in the soil 

095 )- 

9_0RGANS of ATTACHMENT AND ABSORPTION 
A. Rhizoids 

Some fungi produce definite rooting portions or rhizoids. 
Species of Rhizopus and Absidia develop long runner 
hyphae or stolons from which tufts of more slender, 
branched hyphae or rhizoids grow into the substrate 
(Fig. 5, a, 6 ). These serve both to anchor the mycelium 
and to absorb food and water. Many aquatic fungi, notably 
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Fig. 5.—Rhizoihs of "Rhizopus nigricans.” 

(n\ Diaeram to show arrangement of runner hyphae or stolons (S), aerial spor 
anSpho^TA) and branched rhizoids (R). which penetrate into the substrate 

(6) Detail of group of rhizoids. (x 300.) 


certain chytrids and Blastocladia Pringsheimiana, are 
attached to the substrate by rhizoids. 


B. PSEUDORHIZAE n u W 

The stipes or stalks of certain toadstools, such as Collybia- 

radicata, C. platyphylla, C. fusipes, Mycena 

and Coprinus macrorhizus, are continuous with tapering 
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*Vooting portions” (Fig. 6). These 
are often in direct contact with 
the roots of trees. 

c. Rhizomorphs 

Long, string-like, interwoven 
strands often occur and are known 
as rhizomorphs. The simplest forms 
consist of a few interwoven hyphae, 
of which the outer ones may be 
finer than those in the centre, as 
with Phymatotrichum omnivorum. 
Others consist of closely interwoven 
and fused hyphae, and a cross- 
section shows that the outer layer is 
made up of smaller cells often with 
thicker walls forming a protective 
"skin.” Armillaria mellea^ the 
honey agaric, produces black, 
branched rhizomorphs (Plate I, 
Figs. 3 , 4 ). If the bark of an in¬ 
fected tree stump is removed, these 
may be seen spreading over the sur¬ 
face of the wood (Plate I, Fig. 3 ). 
Others which spread through the 
soil from an infected tree stump and 
may attack a new root are a menace 
in young plantations where old 
stumps have not been removed. 
Merulius lachrymans^ the dry-rot 
fungus, and Coniophora cerebellar 
the cellar fungus which also rots 
structural timber, spread over in¬ 
tervening surfaces by means of 
rhizomorphs, which fan out and 
invade fresh wood, while the fruit- 
bodies of some fungi, such as the 
stinkhorns and false truffles, are 
commonly attached to the myce¬ 
lium by conspicuous rhizomorphs. 

13 
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**COLLYBIA EADICATA.** 

Note long, tapering lootinc-poiw 
tion or pMuaoraiM et baae of stipe 
of fruit-body. Half nstural liie* 
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D. Appressoria 

When a fungus such as Botrylis cinerea comes into con¬ 
tact with a hard surface, such as glass or hardened gelatine 
or the cuticle of a leaf, it produces sucker-like pads or 
vesicles known as appressoria, which attach the mycelium 
firmly to the substrate. The part played by the appressor- 
ium in penetration of the host cuticle by such fungi will be 
considered later (see Chapter Eight, Fig. 35). 


E. Haustoria 

The hyphae of some parasitic fungi penetrate the ceUs 
of the host. The mycelium of others is confined to the sur¬ 
face or the intercellular spaces. The hyphae of these com¬ 
monly push minute absorbing organs, known as haustoria, 
into the host cells, and thus obtain water and dissolved 
foods The powdery mildews which cover the surface ot 
the host with mycelium penetrate the epidermal cells and 
form haustoria in them (Fig. 7, d, e,f ), while the rusts and 
downy mildews which ramify m the intercellular spaces of 
the host form their haustoria in the more deeply seated host 
cells (Fig. 7, a, b, c, g). The simplest haustoria are spherical 

sacs which develop after a fine infection thread 

the host wall (Fig, 7, a, d). Others may be lobed, branched 

or filiform (Fig. 7, b, g, c). The function 

tion of haustoria will be considered in more detail in Chapter 

Eight. 

10—SPORE PRODUCTION 

Sooner or later the developing mycelium of almost all 
fungi produces one or more kinds of spore. Some fungi 
form spores on quite young colonies, others only after a 

known to form spores at any stage. While age of the 

m“y be Soduc?d simultaneously or, more usually at de¬ 
E"?roB from any C.U of the mycebum. »hac m other, 
^ 14 




Fic. 7 ,—Haustoria. 


(a) Simple binucleate hAustoria (H) of CoUosporium seneeionis in cell of groundael 
in neighbourhood of a teleutosorua. Note intercellular hynhae (I) and narrow neck 
(N) of haustorium. (6) Lobed, multinucleate haustoria (ri) of Peronospora para- 
sitica in ceU of leaf of wallflower. Note interceUular hyphae and narrow n<^ of 
haustorium. (e) Branched, filamentous haustoria of Peronospora ealotheca in cells of 
stem of Gallium Aparine^ seen in longitudinal section (after Do Bary). (d) Super* 
ficial hypha of a powdery mildew, Erysiphe polygoni^ which has penetrated and 
formed a simple haustorium in an epideriw c^ of mden pea. Note thickening (T) 
of wall of host in response to attack, (e) LongitudinsI section of epidermal cell of oat 
%rith haustorium of Erysiphe graminis. Note elongated shape and fringed ends of 
haustorium which increase the absorbing area (after Smith). (/) SimilaT naustorium 
seen in surface view, (g) Forked haustorium of Puccinia tritieina in mesophyll cell 
of leaf of Little Club wheat in neighbourhood of a uredosorus (after Allen). ( X 3(X).) 
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they are borne only on specialised branches or on complex 
£ruit-bodies (sporophores) which are made ui> of numerous 
interwoven hyphae. 

Many fungal spores develop williout any preceding 
nuclear fusion. These are known as "nseanaZ” spores, and 
the stage in the lifediistory at which they arc jiroduced is 
referred to as the "asexual” or "imperfect” stage. Asexual 
spores are usually produced in large nuinhers, and are often 
the chief means by which tlie fungus spreads. Motile 
zoospores are formed in globose, pear-shaped or cylindrical 
sporangia, and are set free either through a definite aper¬ 
ture or by the bursting of the sporangial wall, or they may 
be extruded into a vesicle which later bursts. They are 
dependent on the presence of liquid water for their dis¬ 
persal, and are therefore produced only by aquatic fungi 
or by those growing in very moist situations. The zoospor¬ 
angia may be terminal or intercalary on ordinary hyphae or, 
in more highly organised forms, may be produced only on 
special, often characteristically branched, hyphae known as 
sporangiophores. In some forms, usually considered to be 
more advanced, zoospores are produced under moist con¬ 
ditions, but under drier conditions the whole sporangium 
falls off and functions as a single spore which germmates 
bv a germ-tube. Such a spore is termed a conidium and the 
hvpha bearing it a conidiophore. Fungi winch normally 
pro^duce conidia have either lost or may never have pos- 
Lssed the motile stage. A very large number of fungi, in¬ 
cluding some of the commonest moulds, produce conidia, 
and this type of spore is the chief means by which most 
moulds are able to reach and colonise fresh food suppl es. 
One group of relatively primitive moulds (the Mucorales) 
normally produces non-motile sporangiospores in sporangia. 
A progressive series can be traced in this group from forms 
with Lltispored sporangia, through forms mth fewer 
spores in each sporangium or sporangiole to forms with 

single-spored sporangia or conidia. 

Many fungi produce only asexual spores. They 
named’^Fungi Imperfect!, since their life-history ^ncom^ 

develops only after a nuclear fusion has taken place. Such 
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spores are sometimes called ^sexual” spores, but this is not 
strictly correct in some instances, since many fungi show 
no trace of sexual organs and yet produce these special 
spores following a nuclear fusion. Moreover, the interval 
between the fusion and the formation of the spores may be 
considerable. The phase of the life-history associated with 
the nuclear fusion is often termed the "perfect” stage. In 
the simpler forms equal (isogamous) or unequal (hetero- 
gamous) cells or branches fuse to give rise directly to a 
thick-walled resting spore or zygote. In the higher fungi 
pairing of nuclei often precedes the development of a 
characteristic and sometimes elaborate sporophore, but 
actual fusion may not take place until just before the spores 
are formed. 


11—SPORE DISPERSAL 

When a spore has been formed and has become fully 
ripe or mature, there remains the problem of dispersal. It is 
obvious that a spore falling back amongst the hyphae of the 
parent thallus or of a sinular neighbouring one will "have 
little chance of establishing itself. It must be carried to a 
distance from the parent in order to reach a new and suitable 
substrate. The majority of spores are dispersed through the 
action of wind, rain, or other natural agencies, but some are 
shot into the air by special explosive mechanisms (i c). 
With the arrival and germination of the spore in a suitable 
habitat, the life-cycle of the fungus is complete. In the 
succeeding chapters the effect of environmental factors on 
the various phases of that life-cycle will be considered in 
detail. 


12—THE CLASSIFICATION OF FUNGI 
In this book it will frequently be necessary to refer to 
particular groups or families of fungi. It is not intended to 
give a detailed classification here or to compare the relative 
merits of various systems. Some account of the broad out¬ 
lines of classification is, however, necessary for the better 
understanding of references to various groups. 

The fungi are primarily divided into the Lower Fungi or 
Phycomycetes, in which the actively growing vegetative 
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mycelium is aseptate, and the Higher Fungi, in which septa 
are normally formed at more or less regular intervals along 
the developing hyphae. The Phycomycetes are further 
subdivided according to their mode of sexual reproduction. 
The Higher Fungi are subdivided on the basis of the way 
in which the typical spores are produced. In the Asco- 
mvcetes these are produced inside a sac-like sporangium or 
ascus, and in the Basidiomycetes they are produced ex- 
ternaily on short stalks or sterigmata, borne on a typical 
club-shaped or cylindrical sac termed a basidium. 

All those fungi which are not known to have a ''perfect” 
stage, but which either reproduce by pexual or "imper¬ 
fect”* spores or remain entirely mycelial, are classed to¬ 
gether as the Fungi Imperfect!. A natural classification of 
these is difficult or even impossible, and they are generally 
placed in arbitrary groups based largely on spore charac¬ 
ters. Attempts at a more natural grouping based on the 
mode of development of the spores have not as yet been 

generally adopted. 

The student will find that the subdivisions of these groups 
given in the various systematic text-books are not identical. 
A workable and recent scheme is that of Martin (i a). 


I A. 
I B. 
I C. 
I D. 
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Chapter Two 

GROWTH AND VARIATION 

1 Types of Pure Culture — 2 Growth — 3 Variation of Fungi 

The object of the study of fungal physiology is to deter¬ 
mine as far as possible how the living fungus works. A 
better understanding of the relation between the fungus 
and its environment is an aid to this end. The actual en¬ 
vironment of most fungi is, however, so complex that it 
is almost impossible to trace the effect of any one factor. 
Hence the methods of growing fungi in pure culture have 
been evolved partly with the object of studying the re¬ 
actions of the organism in a controlled environment, and 
paiHy to facilitate the working out of its life-history. The 
results obtained are impressive and justify the method, 
even though it is clear that the conditions of experiment 
differ widely from those of the natural habitat of the fungus. 

1—TYPES OF PURE CULTURE 

In most physiologiceil experiments with fungi the organ¬ 
ism is grown either in liquid culture medium contained 
in flasks plugged with cotton-wool or on a thin layer of a 
similar medium solidified with agar-agar (usually referred 
to as agar), or less commonly with gelatine. In the first 
type, flasks, media and plugs are sterilised together by 
autoclaving before inoculation, and in the second the agar 
medium is sterilised and while still warm is poured into 
previously sterilised petri dishes. Both types of culture are 
easily handled and allow replication. Liquid cultures are 
more convenient for experiments requiring the deter¬ 
mination of the dry weight of the mycelium or in which 
changes in the chemical composition of the medium during 
growth of the fungus are to be followed. Growth of some 
fungi is abnormal when the hyphae are submerged in 
liquid, and for these, solid .agar media are more suitable. 
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The latter are also to be preferred for the study of changes 
in the form of the colony or of the density of sporulation. 

The culture media employed may be either "natural 
media,” that is, extracts of plant or animal materials, such 
as malt extract, potato extract or the nutrient meat broth 
used in bacteriology, or "synthetic media,” which are made 
up of known substances, usually glucose or some other 
carbohydrate and various salts. Growth on the former is 
often very much better than on the latter, but the synthetic 
media have the advantage that each batch can be made 
exactly alike, so that experiments can be repeated exactly, 
while controlled variation of their composition gives much 
information relating to the nutritional requirements of the 
organisms. This matter will be considered in greater detail 

in the next chapter. . . , , 

The use of both flask and plate (petri dish) cultures has 
been criticised ( 325 ). During gro^^rth the fungus absorbs 
food materials from the medium, and various metabolic 
products pass out from the hyphae so that the initial com¬ 
position of the medium changes as the colony develop, 
and the final composition may be very different from that 
at the beginning of the experiment. This fact, however, may 
be turned to advantage, and much useful information has 
been accumulated by analytical observations of the changp 
taking place in the medium. With agar cultpes the 
chermcal nature of the medium may not be umform all 
over the plate, since diffusion is slow. Thus gradients of 
acidity, concentration of sugar or of other substances may 
be established, and different parts of the colony may be 
subiected to widely different conditions. Moreover, the 
agar itself contains traces of available food niatenals, and 
Ss careful washing before it can be used for criti^l 
experiments. Agar is not hydrolysed by fungi, whde gela- 

tine is readily liquefied by many of them. «; ■ 

Both flask and plate cultures may permit insutticient 

aeration of the medium. This is P’^^^ably niore, serious 

with plugged tubes or flasks than with Petn dishes. That 

both types of culture permit aeration above the minimum 
necessary for growth can be demonstrated by sealing some, 
Sen^wth is definitely checked in the sealed cultures. 
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Increased aeration by passing filtered air through the 
medium sometimes leads to an increase in growth. This is 
most obvious with deep culture vessels, and it is probable 
that poor aeration seldom limits the growth of surface 
cultures. For most purposes aeration of the culture solution 
is so cumbrous that it necessitates a reduction of the 
amount of replication. Various attempts have been made 
to grow fungi on sand, glass beads or other inert material 
through which a constant flow or drip of liquid culture 
medium is maintained, thus overcoming most of the ob¬ 
jections to the usual methods ( 795 ). None of these methods 
is practicable on a large scale in the average laboratory. In 
the interpretation of results obtained with flask or plate 
cultures, the limitations of the method should be borne in 
mind. 

2—GROWTH 

A. Methods of Measuring Growth 

In the vast majority of physiological experiments by the 
pure culture method, it is desired to measure the amount 
of growth of the fungus from time to time. Again no per¬ 
fectly satisfactory method has been evolved. 

In the standard method of estimating linear growth by 
periodically measuring the diameter of the colony growing 
on an agar plate, measurements are made along two marked 
directions at right angles to each other and the average is 
taken. This method has the advantage of simplicity and 
permits abundant replication. Moreover, successive meas¬ 
urements may be made on the same colony. The greatest 
objection to it is that it may provide no measure of the 
actual amount of mycelium produced, for colonies with 
simil^ rates of linear growth may show a thin, sparse 
mycehum on one medium and a densely branched one 
mth abundant aerial hyphae on another. The method is 
thus well suited to a comparison of growth-rates on the 
same medium at different temperatures, but is less well 
suited to a comparison of the effects of different media or of 
different concentrations of the same medium. Brown 
concluded that "the method of Unear measurement is 
oest to apply in exploratory work,** 
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The most usual alternative method is by the estimation 
of the dry weight of mycelium produced. This almost 
always involves the use of liquid cultures in large numbers. 
Media solidified with gelatine may be used, as they may be 
liquefied by gentle' heating, which is often insufficient to 
kill the hyphae or to cause appreciable loss of contents. 
Care must be taken, however, that all the gelatine is 
washed off the hyphae. Moreover, many fungi attack and 
liquefy gelatine, which is thus not in general a suitable 
solidifying agent. Agar can be removed only by heating 
with acid with unknown effects on the mycelium ( 517 ). 
With certain fungi, e.g. Nematospora gossypii ( 248 ), the 
bulk of the mycelium may be scraped off the surface of an 
agar plate and its dry weight determined, but most fungi 
push their hyphae deep into the agar and cannot be 
separated from the medium in this way. Growth of yeasts 
and aquatic or semi-aquatic fungi may be satisfactorily 
measured by determining the dry weight in liquid cultures. 
Liquid media, as already pointed out, are not the most 
suitable for normal growth of most fungi, but growth may 
be more normal if only shallow layers of liquid are used. A 
more serious objection to this method of measuring growth 
is that successive measurements cannot be carried out on 
the same culture, since in measuring it the fungus is 
killed. To overcome this difficulty, large numbers of cul¬ 
tures are needed and the method becomes laborious. 
Measurements made at a single time are seldom of value. 
It is necessary to take samples at successive intervals of 
time after inoculation in order to avoid drawing false con¬ 
clusions, since the dry weight usually falls in old cultures 
through death of the cells and consequent loss of contents. 
Moreover, two cultures showing very different rates of 
growth may ultimately reach the same maximum value. 

Various other methods have been used in particular cir¬ 
cumstances. Thus the rate of growth of yeast may be ascer¬ 
tained by measuring the turbidity of the culture fluid. The 
actual increase in length of particular hyphae may be 
measured directly over a short period of time under the 
microscope. Attempts have been made to measure growth 
by measuring some concomitant of it, such as rate of 
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respiration or of fermentation, absorption of glucose or 
other nutrient from the medium, or change in pH of the 
medium, but methods of this type are mostly laborious, 
their interpretation is difficult, and they seldom offer com¬ 
pensating advantages over the linear measurement or dry- 
weight methods. Nor is there any likelihood that such 
functions are directly correlated with growth rate. 

B. Growth of Individual Hyphae or Spores 

Actual measurements of the growth in length of in¬ 
dividual vegetative hyphae reveal that elongation is almost 
entirely restricted to the region immediately behind the 
tip (703, 705). With septate hyphae, the segments when 
once formed do not elongate significantly. Growth in length 
of coenocytic (aseptate) hyphae takes place only between 
the tip of the hypha and the point at which the youngest 
branch arises. 

Microscopic measurements of the increments of growth 
of tips of hyphae of Botrytis cinerea and of certain other 
fungi on thin plates of agar medium show that the growth 
of an individual hypha of a very young culture at first 
increases at a rate proportional to the total length of the 
hyphae and afterwards falls off, probably owing to the re¬ 
tarding effect of passage of nutrients through an increasing 
number of septa to the growing tip (705). The rate of 
growth of branch hyphae increases in a similar manner, so 
that the total increment of growth (or the sum of the incre¬ 
ments of the individual hyphal tips) remains proportional 
to the total length of hyphae in the colony. Although the 
rate of radial advance of the colony may be increasing, the 
rate of growth proportional to the total length of hyphae 
may be constant. The method, however, does not admit of 
measurements over a long enough period to give a true 
picture, as food supply soon becomes limiting and may 
tend to mask the acceleration of growth rate. 

The sporan^ophore of species of Phycomyces has been 
a favourite object for the study of growth (142, 240, 298, 

353 » 354 » 568, 569, 591). The development may be divided 
into at least four stages (Fig. 8). During the first of these 
the young sporangiophore elongates by a curious spiral 
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9^_Growth of Sporanciophore of "Phycomyces blakesleeanus" (after 

Castle). 

Stippled areas indicate regions of active growth. Stage I — period of elongation of 
sporangiophore. Stage II = period of little or no elongation during which sporan¬ 
gium swells up to full size. Suge 111 = practically no growth for a brief period. Suges 
IVa and IVb = periods of resumed growth in length in dextral and sinistral direc¬ 
tions respectively. For further explanation see text. 

growth which is greatest near the tip and falls off with dis¬ 
tance from it until at the basal end no elongation occurs. 
The second phase is one of swelling of the spherical spor¬ 
angium at the tip of the sporangiophore, during which little 
or no elongation of the latter takes place. The third is of 
two or three hours’ duration, and is a more or less inactive 
phase during which neither swelling of the sporangium nor 
elongation of the sporangiophore occurs. Finally, growth 
in length of the sporangiophore is resumed, first in a 
dextral and then in a sinistral spiral ( 139 — 142 ). Spiral 
growth is common among plants, and is probably asso¬ 
ciated with a spiral orientation of the long cellulose micro¬ 
fibrils in the primary wall ( 599 * 599^)* Growth in length then 
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proceeds by the laying down of further material between 
the parallel cellulose fibrils, and must therefore take place 
in a direction at right angles to the long axis of these fibrils. 
Where the wall is more than one layer thick, the fibrils are 
sometimes laid down in ^'crossed spirals, and son^e such 
orientation may account for the change in the direction 
of growth of the sporangiophore of Phycomyces* Spiral 
growth also occurs in some other members of the Mu- 
corales (305). 

Careful measurements of the dimensions of developing 
cells may yield valuable information on the patterns of 
growth. Most spores originate as more or less spherical 
cells. Some retain this shape, but many elongate and become 
cylindrical or ovoid, with or without cross walls. Growth of 
such a spore in one direction only must be dependent upon 
the orientation of the structural units of the cell wall in 
such a way as to favour growth in that particular direction. 
Measurements of the length and breadth of developing 
spores and basidia of a number of species of Clavaria and 
of some other Basidiomycetes reveal that these begin as 
globose structures and develop in a manner characteristic 
of the species (163). If a spore or other cell increases in size 
but remains spherical, it may be concluded that the area 
of the surface increases uniformly by intussusception. 
When growth is limited to the apex, it is probable that the 
cell wall has become rigid except for a polar cap which 
continues to grow. If the diameter of the growing part re¬ 
mains constant to give a cylindrical cell, the rate of advanc¬ 
ing fixation of the wall must balance that of interstitial 
enlargement of the polar cap. If the rate of fixation is more 
rapid, then the growing cell tapers towards the tip; if less 
rapid, then the cap expands to give a pyriform cell. It has 
been suggested that fixation may be due to the chitinisation 
of the hemicellulose wall. 

c. Growth of Complex Structures 

The growth of structures, such as stromata, sclerotia or 
complex fruit-bodies consisting of more or less closely 
interwoven hyphae, has not been much studied. The 
sclerotia of the cotton-root rot fungus, Phymatotrichum 
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OTfiTiivoriiTTi y develop by the division and growth of cells of 
all the hyphal constituents of the subterranean mycelial 
strands or rhizomorphs ( 396 ). Detailed observations with 
other sclerotium-forming species would no doubt yield 
much valuable information relating to the growth process. 
Similar investigations of the direction of growth of young 
fruit-bodies would also be of value. Such a study of the 
developing fructification of Asterodon ferruginosus ( 166 ), 
a Basidiomycete in which the hymenium is spread over 
vertical spiny outgrowths, has shown that while at first the 
hyphae of the resupinate fruit-body grov/ outward in all 
directions, later there is a localised downward growth to 
form the spines. Certain hyphae become thickened to form 
"skeletal hyphae,” while many terminate at the surface as 
stellate setae. These characteristics make this fungus 
particularly suitable for developmental studies, but the 
methods could be applied to almost any large fruit-body. 

Many fruit-bodies show either geotropic or phototropic 
response during their development, that is, they grow 
towards or away from the direction of the stimulus of 
gravity or light. Since the curvatures are due to differ¬ 
ential growth of the sides of the structure nearest to and 
farthest from the source of the stimulus, it follows that the 
region of greatest curvature must also be that of most 
active growth in length. By observing the region of curva¬ 
ture in response to gravity, it may be shown that the region 
of greatest elongation in the stipe of an agaric is just below 
the pileus, and that the actively growing zone becomes 
shorter as the stipe elongates, until finally elongation 
ceases ( 738 ). 

Measurements of length of stipe and of width of pileus 
of mature specimens of fruit-bodies of agarics show that 
there is a fairly definite correlation between size and form 
( 574 ), Large fruit-bodies have relatively shorter, stouter 
stipes than those of small ones. This alteration in shape 
with increasing size reduces the danger of the stipe break¬ 
ing as a result of the weight of the large pileus, while still 
allowing sufficient clearance between the gills and the 
substratum for the spores to be carried away by air 
currents. The relatively long, thin stipes of small fruit- 
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bodies are sufficiently strong to carry the light pileus of 
such forms, while allowing the necessary clearance between 

gills and substratum. 

D. Growth of a Colony 

(i) Typical Growth Curve. When an inoculum consisting 
of spores or of a small piece of mycelium taken from an 
established culture is transferred to a suitable medium and 
incubated at a favourable temperature, growth does not 
begin immediately. There is usually a period, known as the 
incubation time^ which varies with the species, the nature 
of the inoculum and the external conditions, during which 
no visible growth occurs. When the inoculum consists of 
spores, this incubation time is the period necessary to allow 
germination to take place. When mycelium is used as 
inoculum, the hyphae are usually damaged, and some time 
is necessary before growth begins again. When growth 
begins from either type of inoCulum, it is usually relatively 
slow at first and then increases to a steady value. This 
period of acceleration of growth-rate may be referred to as 
the period of initial lag or of initial acceleration (Fig. 9). 
It is more clearly shown by some organisms than by others, 
and may vary in the same organism under different con¬ 
ditions. Unfavourable conditions, such as temperature be¬ 
low the optimum, extend the period of initial lag, and 
thus allow it to be more clearly seen. Such a lag period has 
long been known for bacteria and yeasts, but exists also for 
filamentous fungi. 

Several explanations of this initial lag period have been 
put forward. The most usually accepted view is that growth 
may be auto-catalytic. Some substance is probably produced 
during growth which accelerates further growth (8io). If 
yeast cells are washed before transference from an estab¬ 
lished to a new culture, the lag period is very distinct; but 
if unwashed cells are used as inoculum, so that some of the 
old culture fluid is carried over, the lag period is much 
reduced or eliminated. Similarly, large inocula of any 
organism usually grow more rapidly at first than do smaU 
ones. 

Eventually the rate of growth, whether measured by the 
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Fig. 9.—Typical Growth Curves. 

Black line shows growth of a colony of a non staling type. After a preliminary lag 
period, growth reaches a more or less constant value, so that the graph representing 
uicrea^ in size of colony with time is a straight line whether the size is measured as 
diameter or dry weight of colony. The broken line represents growth of a colony of 
the staling type measured as diameter of the colony. After a period of consunt 
erowth, the rate f^s to zero, so that the curve flattens out and becomes horizontal. 
B size of colony is measured as dry weight of mycelium, the curve may actually fall 
(dotted line) owing to autolysb of the hyphae. 

diameter of colonies or by dry weight, reaches a more or 
less constant level known as the intrinsic rate of growth. 
The growth curve then approximates to a straight line 
Fig. 9). Some fungi grow by a series of waves of growth. 
The growth-rate then fluctuates, and the curve only be¬ 
comes a straight line if readings are taken at fairly wide 
intervals so that these fluctuations are obscured. 

With some fungi the intrinsic rate of growth is main¬ 
tained as long as food supplies remain adequate. Theoretic¬ 
ally the growth curve then continues as a straight line, 
whether it is based on measurements of radial growth or 
of dry weight ( 98 ). In practice, however, the food supply 
sooner or later becomes exhausted and growth ceases. 
Autolysis then begins, and first the older hyphae and later 
the younger ones lose their protoplasmic contents* and 
die. This results in an actual loss of weight so that curves 
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based on measurements of dry weight then fall (Fig. 9). 
Pythium de Baryanum on malt agar shows autolysis readily 
(Plate II, Fig. 2). Cultures of this fungus first produce a 
circular colony with white, fluffy mycelium, but soon after 
the colony has filled the petri dish the mycelium at the centre 
collapses and loses its fluffy appearance, becoming flattened 
and water-soaked. This collapsed area gradually extends 
outwards. If the collapsed hyphae are examined under the 
microscope, it will be seen that they have no granular con¬ 
tents and are septate. Septa are formed at fairly regular 
intervals walling off the moribund parts of the hyphae as 
these gradually lose their protoplasmic contents in the rear 
of the advancing tips. Most fungi do not show autolysis so 
strikingly or so rapidly as Pythium. The process is usually 
most rapid on a poor medium. Many fungi, however, cease 
growth before the food supply is exhausted, so that the 
growth curve becomes sigmoid (Fig. 9). Again, owing to 
autolysis, curves based on dry-weight measurements may 
actually fall. 

(ii) Staling. The first type of fungus, where growth 
continues at a more or less uniform rate until all available 
food has been used is described as the "non-staling” type, 
while the second, in which growth rate falls off at a com¬ 
paratively early stage, is the "staling type.” If the inoculum 
is localised, the young colony of any fungus on an agar 
plate is approximately circular. As growth continues, the 
colony retains its circular shape unless and until staling 
begins. Colonies of the non-staling type, such as Botrytis 
cinerea or P, de Baryanum (Plate II, Fig. 1), remain 
circular until the plate is completely filled. When, how¬ 
ever, the culture of a staling-type fungus such as Fusarium 
fructigenum begins to stale, as indicated by a fall in growth 
rate, certain characteristic changes occur ( 98 , 99 ). The 
colony loses its circular outline and the margin becomes 
wavy and irregular (Plate II, Figs. 5, 6 ). Increased variation 
of linear growth rate among individu^ colonies of a batch 
is another sign of staling. In an unstaled colony the height 
of the surface of the aerial mycelium decreases gradually 
towards the growing margin, whereas in a staled one the 
mycelium is raised at the margin or may even overhang the 
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edge of the colony (Fig. 10), while the central part collapses. 
The collapse of the central parts of the mycelium may occur 
even when the margin of the colony is still actively ad¬ 
vancing, as with P. de Baryanurn on malt agar (Plate II, 
Figs. 1, 2). The submerged parts of the mycelium of a staled 
colony may sometimes grow past the aerial parts. 




10._Profiles of Staled and Unstaled Cultures (after Brown). 

The straight line represents the level of the agar medium in each case. The curved 
line represents the profile of the aerial parts of an unstaled (o) and a suled (6) 
colony Note the piling up of the mycelium at the edges of the staled colony associated 
with collapse of the central port. Relative height is exaggerated. 

The amount of staling may be modified by alterations in 
the environmental conditions. Thus the same fungus may 
show a non-staling type of growth on one medium and a 
strongly staling one on another. Strains of F. fructigenum, 
which, although they possess the same intrinsic rate of 
growth, differ from one another in the degree of staling 
shown on a particular medium, may be induced to grow in 
the staling or non-staling form by altering the concentra¬ 
tion of the medium ( 99 ). Increased concentration favours 
staling with all these strains and with a number of other 
fungi. Staling occurs more readily on a shallow layer of 
medium than on a deep layer of the same medium, and is 

usually favoured by high temperature. 

It can readily be shown that staling is due to alterations 

in the composition of the medium through the accumula¬ 
tion of substances produced by the growing fungus and 
not to starvation caused by depletion of food substances. 
Growth often slows down or stops completely when the 
nutrients are only partially used. The causes of stahng will 

be discussed in the chapter on nutrition. 

(iii) Zonation. Radial growth of a fungal colony either 
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on an agar plate or in the natural state may often l^ead to the 
development of more or less circular zones of different 
appearance. The best-known example is the lamiliar lairy 
rings” which are formed by a number of Basidiomycetes 
(Agaricaceae) and a few of the larger Ascomycetes, such as 
the species of Spathularia, The fruit-bodies of these fungi 
are commonly found in a rough circle. In the absence of 
the fruit-bodies the ring is usually visible in poor pastures 
as a zone of much darker green grass. Frequently this zone 
is surrounded by one in which the grass is poorly developed, 
which in turn may be surrounded by a narrow zone of dark- 
green grass. Some species do not show this zonation in the 
absence of the sporophores. Others show only a single 
stimulated zone. The fungal colony may be assumed to have 
started from a focus of infection in the centre of the ring and 
to have spread outwards from this. The actively growing 
hyphae are always on the outer edge, which corresponds to 
the outer stimulated zone. This stimulation is thought to be 
due to the breaking down by the fungus of proteins in dead 
plant material which thus become available for the growth 
of the grass. The middle zone of poor development of the 
grass may be caused by the drought effect due to competi¬ 
tion for water, or perhaps to actual parasitic invasion of the 
roots, and the inner stimulated zone is thought to be due to 
the liberation of food materials on the death of the old 
mycelium (31, 607, 692). 

The annual increment of growth has been measured for 
some of these fairy rings, and it has been calculated that 
some may be several hundred years old. 

Colonies of some fungi growing on agar plates may pro¬ 
duce concentric rings due to the alternation of zones of two 
distinct types of growth. Zones of vigorous much-branched 
mycelium may alternate with zones of sparsely branched 
mycelium, e.g. Ascochyta chrysanthemi (73i)* or the zones 
may be of light and dark or of coloured and white myce¬ 
lium, e.g. Hypocrea rufa (514), Alternaria Brassicae (732). 
Sclerotia may be formed in concentric rings, e.g. 5 cZero- 
tinia Libertiana (73 i). Most frequently zonation is due to 
the alternation of zones of sporulating and of sterile hyphae, 
e.g. various species of Fusarium (42, 99, 709), Sclerotinia 
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{Monilia) fructigena (317, 528), S. laxa (317), S.fructicola 
( 317 ), Cephalothecium roseum (350, 280), Phyllosticta sp. 
(732), Oidium lactis (369), certain species of Penicillium, 
Mucot and Hormodendron (350). 

Occasionally these rings are produced under unifonn 
conditions of environment on certain media. Thus Asco- 
chyta chrysanthemi produces alternating zones of vigorous 
and sparse mycelium on corn-meal agar under uniform 
conditions of temperature and illumination. Vigorous 
growth with profuse branching of the hypliae may be sup¬ 
posed to use up the nutrients in the immediate vicinity and 
somewhat in advance of the growing hyphal tips. A few 
hyphae then grow across the depleted zone until they reach 
a region of undepleted medium, when growth is again 
vigorous. Thus a second ring of profusely branched hy|>hae 
is formed which again depletes the adjacent medium and 
so on. Sclerotinia libertiana produces similar alternating 
zones of vigorous and sparse mycelium, and from the 
much-branched hyphae of the former black sclerotia are 
formed, giving a characteristic series of conspicuous rings. 
Zonation in cultures of Hypocrea rufa occurs only on 
certain media and is also independent of fluctuations in 
light or temperature. 

More often, however, the ringed type of growth is a 
result of fluctuations in external conditions, notably light 
and temperature. This type will be considered in more 
detail in Chapter Six. 

E. Longevity of Fungi 

The inhibition of growth caused by staling does not 
usually mean that the mycelium is killed. Inocula taken 
from a staled culture and transferred to fresh medium 
usually grow normally. Most fungi will remain viable in 
undisturbed culture for several months at room tempera¬ 
ture, so that the usual procedure of sub-culturing stock 
cultures at intervals of two to three months is sufficient to 
maintain them. A few, such as certain Oomycetes, must be 
sub-cultured more frequently. Others remain viable for 
long periods. Mycelium of the plus strain of Rhizopus 
nigricans was capable of growth after more than five years, 

32 






PLATE II 


Plate cultures on 3 per cent, malt agar. 

Fig. 1 .—Pythium de Baryanum, Three-day-old culture with 
almost circular outline. Non-staling type of growth. 

Fig. 2.— P. de Baryanum. Ten-day-old culture. Culture has 
filled plate evenly, but central part is undergoing autolysis and the 
aerial hyphae have collapsed on to surface of agar. 

Figs. 3 and 4. —Two-day- and seven-day-old cultures of a non- 
staling strain of Sordaria. Note circular margin of young colony and 
even distribution of mycelium over plate in older culture. 

Fic. 5.—Fourteen-day-old culture of a strongly staling strain of 
Sordaria. Note irregular margin of colony, whicn has not reached 
edge of dish. Black dots are perilhecia. 

Fig. 6 ,—A third strain of Sordaria (ten days old), showing less 
pronounced staling and irregular zonation. 
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but the minus strain did not survive under similar condi¬ 
tions (128). In general, mycelium does not remain viable 
for long periods and survival depends on resistant spores 
or sclerotia. Smut spores have been known to survive in the 
dry state for as much as twenty-five years (viii e), conidia 
of Aspergillus oryzae and spores of Rhizopus nigricans for 
twenty-two years in a sealed tube (471), conidia of species 
of Aspergillus^ Penicillium and Fusarium and spores of 
Mucor for periods of eight to ten years in unsealed tubes 
(352, 472), but no viable spores were found in sealed jars of 
known age taken from Egyptian tombs (198). Some thin- 
walled spores, such as the conidia of downy mildews 
(viii e), remain viable only for short periods. In order to 
lengthen the period during which stock cultures will remain 
viable and so to reduce the labour of maintaining a collec¬ 
tion, methods, such as sealing the culture tubes (307) or 
quick dry-freezing and subsequent sealing of ampoules 
containing spores (427), have been recommended. These 
methods have not been generally adopted as they have 
not given consistently good results. 

3 —VARIATION IN FUNGI 

One of the greatest difficulties met by the plant patho¬ 
logist or the worker on the physiology of fungi is the 
amount of individual variation shown by some species. 
Not only does this mean that a high degree of replication is 
necessary in experimental work, but fungi in culture may 
show a progressive net change in morphological or physio¬ 
logical characters which means that data obtained in 
similar experiments performed at different times are 
seldom directly comparable. In extreme cases it may be 
impossible to repeat an experiment with the same material. 

A. Intrinsic Variation under Uniform Conditions 

Sub-cultures made on the same medium at the same 
time from a particular isolate of a fungus and maintained 
under uniform conditions usually show slight differences 
in growth rate, colour, or density of spore production. If 
sufficient measurements of these characters are made, they 
may usually be fitted to the curve of normal distribution 
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of variation within a population, and the mean value and 
the degree of variation for the particular isolate may be 
estimated by statistical analysis. Cliaracters may vary within 
a colony, e.g. the degree of septation of spores as in the 
sickle-shaped conidia of species of Fusarium. A large 
number of measurements of such a variable character is 
needed to give a reliable mean value. 

Not only does such intrinsic variation provide a problem 
for the physiologist, but it also increases the difficulties 
of classification of the fungi. Thus different isolates of a 
particular fungus may show such obvious differences that 
they would be classed as distinct species or at least as 
different races. In culture, however, each isolate may show 
a range of variation sufficient to overlap the ranges shown 
by other isolates. This has led to revision of some genera, 
notably Fusarium^ involving a reduction in the number of 
species (loi, 455, 574, 708). 

B. Reversible Changes in Response to Environment 

The fact that the same fungus may show wide differences 
in morphology and growth-rate under different environ¬ 
mental conditions needs no emphasis. Inocula taken from 
cultures originating from the same isolate may give rise to 
strikingly different colonies if they are grown under 
different conditions. If inocula from these are all put back 
under the same uniform conditions, the resulting colonies 
will usually resemble one another witliin the range of 
intrinsic variation characteristic of the particular strain. 
This is true even when they have been kept under the 
different conditions during several sub-culturings. Occa¬ 
sionally there is a lag period which may extend over several 
transfers before reversion to the parent characters is com¬ 
plete. In an experiment showing the effect of certain en¬ 
vironmental conditions on size of conidia in a strain of 
Botrytis cinerea, reversion to the original dimensions 
followed a few transfers under the original conditions (79). 

c. Irreversible Changes 

Alterations in morphological or physiological characters 
may occur which are not obviously related to changes in the 
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environment and which are not reversible. These are most 
readily seen in culture. There is evidence that such changes 
also take place in nature but that they are less noticeable. 
They may originate in a number of ways. The most obvious 
cause of variation from the original type in fungi, as with 
higher plants, is hybridisation. 

The first hybrid between two fungal species to be pro¬ 
duced experimentally was that between* Phycomyces 
blakesleeanus and P. nitens in 1925 (113). Since theft 
hybrids have been obtained between varieties or species of 
many fungi and occasionally even between organisms con¬ 
sidered to belong to different genera (490). It is now well 
known that many fungi are heterothallic, that is, that the 
presence of at least two strains is necessary for the forma¬ 
tion of mature fruit-bodies. Such fungi are suitable material 
for genetical studies, and detailed work has revealed that 
many characters are inherited according to Mendelian laws. 
Notable contributions to the study of the genetics of fungi 
in culture have been made recently with species of Neuro- 
spora (ii e) and with the yeasts (449, 450, 819, 820, 821, 
822). Hybrid strains of yeasts may show combinations of 
desirable characters which are of value in the fermentation 
industries. 

There is considerable evidence that hybridisation also 
takes place in nature. The best-known example is the 
wheat rust, Puccinia graminis. The researches of Craigie 
and other Canadian investigators (172) have shown that this 
rust is heterothallic. It exists in a number of physiologic 
strains or races which show differences of host range. 
Hybridisation between these during the phase of the life- 
history on the alternate host (barberry) takes place freely, 
and the hybrids may show host ranges different from those 
of existing strains and may even be able to attack hitherto 
resistant varieties of wheat. Thus the possibility of hybridi¬ 
sation between strains of pathogenic fungi complicates the 
work of the plant pathologist and plant breeder in their 
search for resistant varieties of crop plants. 

New strains may also arise as a result of mutation or 
sudden alteration in a gene. This occurs frequently both in 
culture and in nature. Mutations in higher plants probably 
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occur with equal frequency, but as they are usually re¬ 
cessive they are seldom visible in the diploid sporophyte. 
The vegetative thallus of fungi is either entirely haploid or 
is haploid for a large part of the life-cycle. Hence mutations 
have a much greater chance of detection. The tendency to 
mutate is itself a genetic character {716). 

The frequency of mutation depends partly on environ¬ 
mental factors, such as nutrition and temperature (100, 
343). Mutations are readily induced in many fungi, as in 
other organisms, by exposure to sub-lethal conditions. 
Thus, exposure to high temperature induces non-reversible 
changes in the resultant colonies of Eurotium herbariorum, 
Botrytis cinerea, Thamnidium eleganSj and probably other 
fungi (26, 27, 28). The danger of using an insufTiciently 
cooled inoculating needle is thus indicated. Treatment 
with X-rays or ultra-violet light causes mutations in most 
living organisms, including the large number of fungi 
which have been investigated (61, 196, 197, 270, 271, 272, 
273, 274, 360, 538, 539, 587, 728, 729. 730, 730 - The most 

extensive investigation of the mutants produced by 
irradiation with X-rays or ultra-violet light is the well- 
known American work with Neurospora sitophila and N, 
crassa (32, 33, ii e). About one hundred distinct physio¬ 
logic strains have been produced and isolated. These 
usually differ from the parent or ”wild-type” strain in being 
unable to synthesise some essential vitamin or amino-acid, 
although strains showing differences in response to tem¬ 
perature or />H also oceur, Genetical investigations show 
that these strains are actually due to gene mutations and 
that the synthesis of a complex organic substance takes 
place in a number of steps, each of which is controlled by a 
single gene so that a mutation affecting any one of these 
would block the synthesis. From the study of these mutants 
much has been learned of the actual path of synthesis of 
various amino acids and vitamins (see Chapter Four, pp. 127 
and 128 ). Similar mutants have been produced by various 
workers with other fungi and with yeasts. 

It has been shown that the radiation from the sun on a 
bright summer day is above the minimum found to be 
effective in producing mutations (ii d). Hence, it is likely 
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that the diversity of strains shown by many fungi is due to 

mutations which have occurred naturally. 

The production of mutants by treatment with such 
agents as X-rays and ultra-violet light is of economic irn- 
portance. A large-celled strain of the food yeast Torulopsis 
utilis has been obtained in this way, together with a strmn 
which has a high optimum temperature, thus sa^ng the 
expense of cooling the plant in Jamaica where food yeast is 
grown on surplus molasses (702). Strains of PemciWiM/n 
notatum giving an improved yield of penicillin have also 
been produced in this way. Thus, species of Fungi I^ni- 
perfecti and of "imperfect” yeasts which cannot be hybri¬ 
dised maybe induced to form new strains through mutation. 

New strains of fungi may also arise spontaneously 
through heterokaryosis, as shown by Hansen and his co¬ 
workers (321, 322). Owing to the frequency of anastomoses 
between hyphae of the same species, a multinucleate 
vegetative cell may contain nuclei derived from more than 
one parent mycelium (388). Such a condition is termed 
heterokaryosis. It is clear that when a heterokaryotic cell 
divides, a redistribution of the nuclei may occur, so that the 
daughter cells are genetically different from the parent. 
These may give rise to mycelia with characters strikingly 
different from the rest of the colony. Singe-spore isolates of 
thirty genera of Fungi Imperfecti were examined, and over 
50 per cent, were found to be of a dual nature, that is, more 
than one type of colony resulted from plating out single 
spores produced by the original monosporous culture. The 
most common form of this "dual phenomenon” is that 
some of the spores give rise to a mycelial type of culture 
producing few spores (M type). Others give rise to intensely 
sporing striuns (C or conidial type), while yet others pro¬ 
duce an intermediate type or a series of intermediates (MC 
types), which produce less conidia than the C type but are 
more fertile than the M type. If M and C mycelia are 
allowed to intermingle, the hyphae anastomose and an MC 
type of colony results. The number of grades of MC 
colonies is correlated with the size of the spore which in 
turn is correlated with the number of nuclei in the spore. 
Thus BotrytU cinerea^ with relatively large conidia which 
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contain seven to nineteen nuclei, produces more grades of 
MC colonies than do species of Verticillium, which have 
small conidia containing few nuclei. Even colonies derived 
from a single spore may thus be hetcrokaryotic, that is, 
they may contain within the same hypha, and ultimately 
within the same spore, nuclei originally derived from dis¬ 
tinct strains. When a spore happens to contain only similar 
nuclei from a particular strain, it will give rise to genetically 
pure colonies of that strain over an indefinite number of 
sub-cultures unless mutation occurs. Where the nuclei are 
of mixed origin, the resulting colony will show characters 
intermediate between those of the original pure strains, 
and the degree of resemblance to either of these will depend 
on the proportion of nuclei of that particular strain in the 
spore. Hansen’s theory does not account for variations in 
the progeny of uninucleate, haploid conidia, which must be 
due to mutation (518). 

D. Sectoring of Plate Cultures 

Colonies growing on agar plates occasionally show 
sectoring, that is, a sector of the circular colony is obviously 
different from the rest. The difference may be one of growth- 
rate, intensity of sporulation, colour production, nature of 
mycelium (whether composed of fluffy aerial hyphae or of 
smooth hyphae on the surface of the medium) or of any 
measurable character. The apex of the V-shaped sector may 
be at the centre of the colony or at some distance from it 
(Plate III, Figs. 1 - 5 ). The sloping edges of the sector are often 
rather sharply defined. It is obvious that some change has 
taken place at the apex of the sector, and that the altered 
mycelium has continued to grow outwards after the grow¬ 
ing margin of the colony had passed this point. The change 
may be due to an actual mutation or to heterokaryosis. 
Where the colony originated from a single uninucleate hap¬ 
loid spore or hyphal tip, sectoring must obviously be due to 
mutation, but if the colony originated from a multinucleate 
spore or hyphal tip or from a larger mycelial inoculum, it is 
clear that sectoring might equally well be due to the re¬ 
arrangement of nuclei in a heterokaryotic cell. Such sectors 
do not usually remain distinct, whereas if a portion of 
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Fic. 11. —Sectoring in Plate Cultures (after Pontecorvo). 

Diagrammatic representadoD of effect of relative growth-rates of saltant and 
parent strain on shape of sector. Shaded> cross-hatched and stippled areas represent 
sectors with rates of growth equal to, greater than and less than the parent respec¬ 
tively. For further explanation see text. 

mycelium from a sector caused by mutation is transferred 
to a new plate, it will produce a colony resembling the 
sector and differing from the parent. These characters will 
continue in culture unless a further mutation occurs. In the 
earlier literature on sectoring the change causing the sector 
was referred to as saltation^ and the new strain of the fungus 
was called a saltant. Recently, the tendency has been to 
assume that a mutation has taken place, and to use the 
terms mutation and mutant to replace saltation and saltant. 
The older terminology is still preferable unless the genetics 
of the sectored culture are known. 
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The shape of the sector varies according to the ratio 
between the rates of growth of the parent and of the saltant 
(5^9)* Where this ratio is unity, the sides of the sector are 
straight and the outline of the colony remains circular 
(Fig. 11 , o)- If, however, the saltant grows at a uniformly 
faster rate than the parent, the sides of the sector are 
curved in a manner convex to the rest of the colony, while 
the margin of the sector shows as a bulge in the circular 
outline of the colony (Fig. 11 , b). When the saltant grows 
more slowly than the parent strain, it may fail to show up 
at all and become submerged by the latter if the difference 
in rate is large. With smaller differences the sides of the sector 
curve in a manner concave to the rest of the colony, which may 
eventually completely enclose it (Fig. 11 , c, d). More complex 
shapes may result if changes in environment lead to an altera¬ 
tion in the ratio between the growth-rates of the parent and 
saltant strains. Thus, if a saltant arises which is more sensi¬ 
tive to changes in pH than is the parent, the relative 
growth rates may change as the pH of the medium changes 
with staling and the sector may first be of the first or second 
types described above, and may change to the third type as 
the colony grows (Fig. 11 , e). Changes in other environ¬ 
mental conditions, such as temperature, may also lead to 
alterations in the growth-rate ratio through greater effect 
on either saltant or parent and so produce sectors of complex 
shape. 

It is also clear that a sector will only be developed when 
the change takes place at the growing margin of the colony, 
since otherwise the saltant would be unable to compete 
with the mycelium of the parent strain which had already 
colonised the medium. Many such changes may therefore 
remain unnoticed. 

The occurrence of natural sectors in plate cultures of 
strains of Fusarium fructigenum has been studied in detail 
(100). The various saltants showed both intensification and 
reduction of particular characteristics of the parent. For 
example, one strain which produced moderate colour on a 
particular medium gave rise to some which formed no 
colour on that medium and others which showed deeper 
colour than the parent. Saltations occurred much more fre- 
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PLATE II! 

Figs. 1 and 2. —Sectoring of plate cultures of Fusarium culrnorum. 
The saltant produced less aerial mycelium and a more intense red 
coloration than the parent strain. 

Fig. 3.— Sectoring of plate culture of Fusarium fructigenum. 
Saltant showed less intense formation of yellow colour and feebler 
sporulation than parent strain. 

Fig. 4. —Sector of a mycelial type of F. fructigenum developing in 
a colony of a densely sporing strain. Inoculum taken from a culture 
originating from a single hyphal tip. 

Fig. 5. —An intensely sporing and strongly staling form of F, 
fructigenum occuTT'mg as a saltant in a culture of a mycelial strain. 
The parent is submerged at centre of colony, but owing to its lower 
staling capacity it has grown past the saltant, which is being cut off. 

Fig. 6, — F, fructigenum^ showing zones of alternate feeble and 
intense sporulation as a result of exposure to alternate light and dark 
conditions. 
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quently on Richard’s solution agar^ than on ordinary 
potato extract agar or Brown’s synthetic glucose-asparagine 
agar. On the latter, various strains of F. fructigenum were 
maintained unaltered over a number of years, whereas 
saltations could be readily produced on transference to 
Richard’s agar. If inocula were taken from the same 
marked places at different times in the development of a 
colony, the number of strains differing from the parent 
which were picked up increased with the age of the colony 
and was greater nearer the central or older parts. Environ¬ 
mental conditions also influenced the occurrence of sectors 
of varying fertility in cultures of Melanospora destruens. 
These occurred more frequently at 37 ° C. than at lower 
temperatures, and were more numerous on media in which 
the amount of phosphate was increased than on those con¬ 
taining the standard amount.® 

E. Apparently Continuous Variations 

In addition to sudden changes resulting in sectoring or 
changes due to X-ray or ultra-violet irradiation, fungi in 
culture often show an apparently progressive change in 
one direction. Common forms of such variation are the 
gradual loss of the ability to produce spores and the loss of 
virulence of a pathogen. The amount of change between 
successive sub-culturings may be too small to be noticeable, 
but the cumulative change over a large number of sub- 
culturings may be considerable. Other characters, such as 
growth rate, colour production, ability to ferment certain 
sugars or to synthesise particular vitamins or amino- 
acids, may be similarly affected by gradual change. Such 
changes are usually irreversible with ordinary culture 
methods. Examples have been given of the so-called 
educability of strains. Frequent references occur in the 
literature to such *'training^’ of yeast strains to increase 
their ability to ferment a particular sugar, by repeated sub¬ 
culturing on a medium containing it, or to synthesise a 
particular vitamin by prolonged cmture in a medium con- 

^ RUhariTs tolutioiu SucroM. 50 KNO», 10 g.; ICHJPO4, 5 g.; 2*5 g.; 

FeCL, • tnoe; distilled wtter, 1 litre. Brown's g:/ueMe-«;poragin«mMHiiiii.*yiuooM, 
2 g.; upartgine, 2 g.; K>PO|, 1*25 s.; MgSOi, &75 g.; diitOledwater, 1 litre. 

^ Unpubluhed experuneots by tne author. 
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taining only a trace or none of the substance. Such ex¬ 
amples may usually be interpreted on the lines of a selec¬ 
tion of strains having the required ability from a mixture 
in which they were formerly in the minority. Repeated sub¬ 
culturing on a medium favouring these at the expense of 
any other strains would naturally tend to increase the pro¬ 
portion present and consequently to increase the ability of 
the culture as a whole to perform the particular fermenta¬ 
tion or synthesis under examination. With genetically pure 
cultures, such an explanation is untenable in the absence 
of mutation. Certain strains of yeast which are normally 
unable to ferment maltose did so after relatively long 
periods of growth in media containing this sugar. Winge 
{822) suggested that this "long-term adaptation” in haploid 
strains may be explained as follows. The ability to ferment 
maltose is determined by a single gene which exists in at 
least three allelomorphs of different "strengths.” When a 
dominant gene Mj, M2, or M3 is present, the sugar is fer¬ 
mented; but with M3 the requisite enzyme is produced only 
very slowly. Its production is stimulated by the presence of 
maltose, and even the weakly fermenting type will produce 
sufficient enzyme over a long period. When the recessive 
genes m2, or m3 are present, no adaptation occurs. 

Similar results were obtained for the fermentation of 
galactose. The "cytogene” theory of Lindegren and his co- 
workers offers an alternative explanation (450, 713). It is 
suggested that small amounts of a particular enzyme pre¬ 
sent in the yeast cytoplasm will multiply autocatalytically 
in tlie presence of the appropriate substrate, but will dis¬ 
appear in its absence and will not then re-form unless the 
dominant gene-controlling enzyme formation is present 
(449). By suitable crossing it is possible to obtain a strain 
in which this dominant gene is absent, but in which some 
enzyme remains in the cytoplasm. Such a strain would 
gradually increase in ability to ferment a particular sugar 
in the presence of that sugar through increase in the 
amount of the "adaptive enzyme,” but would lose this 
ability altogether after prolonged culture in the absence of 
the sugar. Such interpretations are highly speculative and 
further work is obviously desirable. 
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In the endeavour to prevent loss of fertility by fungi in 
culture, some mycologists recommend that spores should 
always be included in the inoculum when sub-cultures are 
made. While the inclusion of spores does mean that the 
mycelium transferred is likely to include some with the 
ability to sporulate, there is no evidence that the gradual 
loss of fertility is prevented or retarded by this method. 
Parallel series of cultures of strains of FusariuTn f^ructi- 
gGTiiiTTt^ AltcrjidviOf tCTiuis^ Neocosmopdrci vo^itifcctd^ and 
two species of Phoma (524) carried on by transfer of spores 
and mycelium respectively, showed no significant difference ' 
after a number of sub-culturings. Inocula taken from cul¬ 
tures of F. fructigenum on a variety of media gave rise to 
similar colonies, although there was some delay in develop¬ 
ment when the inoculum, consisting of spores, was taken 
from strongly staled cultures. The final resxilt was similar 
with all the inocula. Such a lag is sometimes seen also in the 
development of mycelial inocula taken from old cultures 
compared with those from young ones, and is due to the 
retarding effect of staling substances present in old cultures. 

The gradual loss of fertility in culture has been examined 
in detail for Sphaeropsis malorum, which when first iso¬ 
lated produced a dark-coloured colony with abundant 
pycnidia containing viable spores (525)- During repeated 
sub-culturing this black form gradually became lighter and 
less fertile, until finally the colonies were white and almost 
sterile. If spores from a single pycnidium were plated out, 
they gave rise to both black and white colonies. Spores 
from some of these black colonies gave only black colonies 
(all-black type); those from other black colonies gave both 
black and white types (black type). Similarly, spores from 
some of the white colonies gave both types (grey type); 
those from others gave only white ones (white type). It 
was concluded that the original isolate, even when started 
from a single spore, contained both types of mycelium 
intermingled. This was supported by the result of lowing 
an all-black and an all-white type of colony to intermingle, 
when pycnidia were produced containing spores of all four 
types, namely, all-black, black, grey tmd white. Moreover, 
the spores wHch gave rise to a black colony were slower to 
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germinate than those giving rise to a white one. Hence, in 
mass transfers of spores, those giving rise to the white 
type were more likely to establish themselves than the 
others, and thus the white type tended to supersede the 
black. This is an example of unconscious selection in sub- 
culturing, leading to an apparently gradual change in the 
character of the strain. 

Heterokaryosis, the presence in the same cell of nuclei 
derived from more than one hypha, may ex])lain many 
examples of apparently continuous variation. 

Genetically pure strains will remain constant except for 
sudden mutations of the type considered in the preceding 
section. A heterokaryotic strain, however, will be liable to 
change. If, as with Sphaeropsis malorum, differences in 
growth-rate tend to favour the chances of one strain becom¬ 
ing established, the latter will gradually predominate. 

Similarly, if frequent mutations take place, those mu¬ 
tants with the most vigorous growth will eventually sup¬ 
plant the parent strain. Thus, conidial strains of some 
Dermatophytes may be lost because the more vigorous 
mycelial strain overgrows them in the stock culture tubes 
(8ii). Melanospora destruens gradually became more 
sterile during ten years in culture (v i). The strain was iso¬ 
lated from apple fruit and was derived from a single asco- 
spore. It produced perithecia freely on malt agar, less freely 
on potato agar, and rather sparsely on a glucose-salts 
synthetic medium. Numerous perithecia were produced if 
traces of both biotin and thiamin were added to the last 
named. The ability to produce perithecia on the original 
synthetic medium was gradually lost, and later still mycelial 
growth was also negligible. At the same time the intensity 
of sporulation on malt agar, potato agar or the synthetic 
medium reinforced \vith. vitamins was reduced. Cultures 
grown at temperatures of 15 - 30 ^ C. were uniform in appear¬ 
ance and showed no sectoring, but at 37 ° C. sectors de¬ 
veloped in which perithecia were strikingly more numerous 
than they were over the rest of the plate. Some of these 
fertile strains were picked up and compared with strains 
taken from the less fertile parts of the colonies. The fertile 
strains were found to have a higher optimum temperature 
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than had the sterile strains. At temperatures of 37 ° C. 
colonies of the former developed at least as rapidly as those 
of the latter. At lower temperatures the fertile strains showed 
a longer lag period after transfer than did the sterile ones, 
and, moreover, their rate of growth was definitely slower. 
This difference increased with decrease in temperature. If 
one then assumes that mutations to both inore fertile and 
more sterile strains take place frequently in this fungus, 
then the non-appearance of fertile sectors at relatively low 
temperatures is explained by the greater rate of growth of 
the more sterile strains which would thus tend to swamp the 
fertile mutants and prevent their establishment. Moreover, 
at each transfer at laboratory temperature the sterile 
strains would be more likely to be picked up and also would 
tend to crowd out the slower-growing fertile strains in the 
new culture. Thus, by unconscious selection of the sterile 
strains at each sub-culturing, the fungus would gradually 
become less fertile in culture. By incubating freshly made 
sub-cultures for a few days at 37 ° C., the fertile strain may 
be maintained (343)* 

Similarly, a strain of Fusarium causing a wilt of musk 
melon produces vigorous saltants in culture which are less 
virulent than the *'wild” type. These tend to crowd out the 
latter, with a resulting loss of virulence on prolonged 
culture (517)- In contrast, pathogenic strains of Fusarium 
fructigenum tend to be more vigorous than less virulent 
strains (332). 

It is too early yet to apply these results to the preserva¬ 
tion of type cultures in their original form. For any in¬ 
dividual culture the chances of preservation of the original 
strain will obviously be greatest on the medium least 
favourable to the occurrence of mutations. Results are 
insufficient as yet to generalise in this matter, but strains 
of Fusarium fructigenum^ as already pointed out, are best 
maintained on relatively poor media (icx>). Similar results 
are recorded for several species of Chaetomium (19^* ^ 97 )* 
Repeated sub-culturing of Melanospora destruens on 
media rich in growth-substances leads to an increased range 
of variation compared with lines maintained on a less rich 
medium (742). This may probably be explained on the 
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basis that the vitamin-rich medium could support the 
growth of strains which were unable to synthesise these 
substances, whereas the poor medium automatically 
eliminated such strains. Media rich in leucine gave few 
back-mutations to the wild type in a strain of Neurospora 
crassa unable to synthesise leucine, which was originally 
derived from a wild-type parent that could do so (657). 
With media of low leucine concentration these back- 
mutations were more numerous, since the strain lacking 
the ability to synthesise leucine was handicapped on this 
medium, thus allowing the back-mutants to establish them¬ 
selves. Thus, in general, stock cultures are better main¬ 
tained on rather poor media. The mechanism by which 
Pythium butleri^ which is unable to synthesise thiamin 
(vitamin Bj), was "trained” to do so by growth on a medium 
with a reduced mineral content is obscure unless it is con¬ 
cluded that a high salt concentration inhibits the synthesis 

(642). 

The interval of sub-culturing may also influence the rate 
at which a particular net change takes place. Since the num¬ 
ber of mutants occurring in colonies of Fusarium fructi- 
genum increases with age of the mycelium, it is reasonable 
to suppose that frequent sub-culturing of this fungus 
would reduce the risk of change. Ophiostoma major^ which 
tends to produce fewer and smaller perithecia in prolonged 
culture, is restored by frequent sub-culturing.‘ Here one 
must suppose that the fertility of a particular colony de¬ 
pends upon the vigour of the inoculum which is contrary 
to results with some other fungi (99, 100, 524). Conidia of 
certain mutant strains of Ophiostoma multiannulatum re¬ 
tain their viability in culture on poor or starvation media 
longer than do those of the parent strains. Hence the chance 
of picking up the mutant increases with increase in the 
interval between successive sub-culturings (275). Variants 
of Aspergillus niger may be eliminated by culturing at 
optimum temperature and frequent transfers (725). Where 
the loss of a particular character, such as fertility or virulence, 
is due to the more vigorous mycelial growth of the 
deficient strain, however, frequent sub-culturing is likely 

^ S. A. Hutchinson, private communication. 
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to increase the speed of degeneration. This is true with the 
race of Fusarium causing will of musk melon (517), and 
also with a strain of Sordaria isolated from owl pellets.^ 
Claims of the restoration of the ability of Rhodotorula 
sanniei (276) to synthesise pyrimidine by growing it on a 
medium in which glucose was replaced by glycerine or of 
the power of synthesis of riboflavin by Aspergillus niger 
(in i) by reducing the amount of magnesium salts in the 
medium need further investigation. 
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Chapter Three 

NUTRITION 


1 Chemical Compositions of Yeasts and Moulds —2 Natural and 
Synthetic Media —3 The Source of Carbon—4 Nitrogen — 
5 Mineral Requirements — 6 Growth-substances, Accessory 
Growth Factors or Vitamins — 7 Use of Fungi as Test-organisms 
in Vitamin Assay —8 The Effect of Concentration of the Con¬ 
stituents of the Medium. 

The nutrition of fungi is a very important branch of physi¬ 
ology. It has obvious practical importance when applied 
to fungi such as the yeasts which are employed in economic 
processes. It is technically important in systematic myco¬ 
logy, since the structure and development of fungi are most 
easily studied in pure culture on reproducible media. As 
a result of the study of fungal nutrition, suitable media for 
the growth of an increasing number of forms have been 
devised. Finally, controlled variation of the composition of 
artificial media has aided the study of fungal metabolism. 

1—CHEMICAL COMPOSITION OF YEASTS AND 

MOULDS 

Chemical analyses of yeasts and moulds give some indica¬ 
tion of their nutritional requirements, since the thallus 
must be built up from the food substances absorbed. 

Most fungal structures have a high water content. Values 
between 80 per cent, and 90 per cent, have been recorded 
for the hyphae of common moulds. Yeasts are variable, but 
on the average contain less water than do the filamentous 
fungi. Spores usually have no vacuole, and consequently 
the percentage of water (40-50 per cent.) is lower than that 
of the vegetative mycelium, while that of sclerotia and rhizo- 
morphs may be lower still. The water content of fleshy 
fruit-bodies, such as those of most agarics, is usually 
approximately that of the vegetative hyphae, but that of 
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leathery or woody fruit-bodies is less, e.g. truffles have only 
about 75 per cent, water, while gelatinous fruit-bodies, such 
as the Jew’s ear fungus {Hirneola auricula-jiidae), may 
have over 90 per cent. Young fruit-bodies may have a 
slightly higher water content than that of mature ones. 

The bulk of the dry weight is made up of carbohydrates 
and proteins (Tables 1 and 2). Fats may also be present, but 
variation in fat production by different fungi and by the 
same fungus under different environmental conditions is 
considerable. The nature of these organic constituents of 
the fungal thallus will be considered in the next chapter. 
Since fungi are heterotrophic, it is obvious that they must 
be supplied with suitable organic nutrients in considerable 
amount. 

The mineral or ash content is usually rather low, and 
consists largely of potassium salts and phosphates. Mag¬ 
nesium, sodium, sulphur, calcium, silicon, chlorine (in the 
form of chlorides), iron and traces of other elements are 
usually also present. Table 3 gives the composition of the 
ash of the fruit-bodies of the morel {Morchella esculenta)^ 
of the truffles (Tuber melanospermum and T, magnatum). 

The concentration of phosphorus is usually higher than 
that in green plants. Yeasts are particularly rich in phos¬ 
phorus, and often have a relatively high potassium content 
also. 

All these elements must have been obtained from the 
food material, but it does not follow that they are all 
essential constituents of the medium. 


2—NATURAL AND SYNTHETIC MEDIA 

The nutrition of fungi can be most easily studied in pure 
culture. Most fungi grow more or less satisfactorily in cul¬ 
ture on an ap'propriate medium. Obligate parasites, such as 
the rusts, powdery mildews and downy mildews, have 
never been grown in culture, and their requirements are 
not yet understood. Others are cultured with difficulty, 
but are able to complete their life-history on a suitable 
medium. The obvious medium to use in growing a particu¬ 
lar fungus is one which reproduces as nearly as possible the 
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TABLK 1 

Chemical Composition of Ffncai. Mv( i i n m 
[hit<t from Anderson (iC 



! y'rnsts 

1 

i Fund'd! iMycflium 

Water (per cent, fresh weight) 

69 2-B3 0 

at 3 m 1 

Ash (per cent, dry weight) 

3 8- 7 a 

6 0 12 2 

C^boo (per cent, dry weight) 

45 a-.SSO 

43 0 .35 0 

Nitrogen (per cent, dry weight) . ^ 

5 0-12 0 

2 3 - 8 3 

Carbohydrate (per cent, dry weight) . | 

27 0-43 0 

7 8 -40 0 

Protein (per cent, dry weight) 

32 0-75 0 

14-0-52 0 

Total Lipoid (per cent, dry weight) 

20-150 

4 0 -41 5 


'I’ABLK 2 


Composition of the Fruit-bodies of Certain Hichkk Fun<;i 
(Figures represent percentage of fresh weight) 

Data from Winton and H'inton ( 824 ) 


Fungus 

IFater 

1 

]■ 

Protein 

Fat 

1 

i N-frce 
Extract 

Ash 

Morchella esculenta. 

1 

, 89 07 

i 3-59 

0-27 

5-73 

1-34 

Tuber melanospermum 

74-95 

8-85 

033 

13-78 

’ 2-09 

T. rriagnatum .... 

7859 

853 

047 

10-61 

1 86 

Clavaria botrytis 

89-35 

1 31 

0-29 

7-66 

0 66 

Hydnum repandum . 

92-68 

1-79 

023 

2-75 

069 

Boletus edulis 

90 06 

2-93 

051 

4-72 

0-63 

Polyporus sulphureus 

Psailiota campestris . 

84-19 

441 

0-49 

5-51 

1 45 

91-80 

483 

0-31 

, 2-04 

1-02 

Coprinus comat us 

9219 

' 2-82 

0-26 

3 17 

098 

Pleurotus ostreatus . 

73-70 

3-94 

084 

17-95 

1-60 

CUtocybe multiceps . 

93-49 

2 18 

0-39 

2-57 

075 

Hypholoma candoUeanum 

88-97 

2-95 

0-28 

494 

1-53 

Amanita rubescens . 

93-85 

2-26 

035 

1 

0-01 

A. spissa .... 

93-63 

2 60 

0-28 


0-80 

Lycoperdon bovista . 

86-92 

6-62 

072 

1 

i 

3-42 

1-20 


TABLE 3 

Percentage of Various Minerals in Ash of Certain Fungal Fruit-bodies 

Data from fFinton and fFinton ( 824 ) 


Fungus 


Na^O 

CaO 

MgO 

_1 


Al,0, 

1 

50, 1 

SiOt 

a 

Morchella esculenta 
Tuber 


7-84 

3-92 


6-68 

312 

1 

22-85 

1 

1 

8-25 

\ 

1 

1 

6-27 : 

1 

1 

4-15 

melartospermum 


9-13 



2-25 

5-28 

34-65; 

m 

1 

trace 

1 

6-18 

T. magnatum 

26-59 

11-49 

1-77 

2-17 

2-53 

6-88 i 

33 18 

4-18 i 

\ 

1 


1-17 

1 

1 
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composition of the natural substrate. Thus, certain decoc¬ 
tions of plant or animal materials are commonly used, not¬ 
ably beef-extract for bacteria and extracts of malt, potato, 
carrot, apple, prune or oatmeal for the growth of fungi. 
These are known as "natural media,” and most fungi 
which can be cultured at all will grow well on one or other 
of them. Natural media have certain disadvantages for 
physiological work. Their chemical composition is complex 
and is seldom fully known, while since they can never be 
reproduced exactly, results of different experiments are not 
strictly comparable. Consequently, many attempts have 
been made to construct a "synthetic medium” from known 
substances (simple organic compounds and salts) that 
would closely resemble the natural medium in composition, 
but of which each batch would be identical. 

As an example, one may take Brown’s determination 
of the minimum nutritional requirements of Fusarium 
fructigenum ( 99 ). Many fungi, including F, fructigenum^ 
grow and sporulate satisfactorily oh potato-extract agar. A 
synthetic potato agar was devised, based upon a chemical 
analysis of potato tissue. This was a complex medium con¬ 
taining the following ingredients: peptone, 1*8 g.; as¬ 
paragine, 1-8 g.; glucose, 2 g.; potato starch, 40 g.; potas¬ 
sium chloride, 0-15 g.; magnesium sulphate, 0*75 g.; tri¬ 
potassium phosphate, 1-35 g.; iron chloride, a trace; agar 
powder, 15 g.; distilled water to make the volume up to 1 
litre. Even so, the fat and fibre constituents of the potato 
tuber were ignored, and although the ash of the potato 
contained traces of calcium, sodium and silicon, these 
elements were omitted, since there already existed con¬ 
siderable evidence that they were not required for fungal 
growth. F. fructigenum and a number of other test fungi 
grew as well on this synthetic potato medium as on the 
natural extract. Experiments in which single ingredients 
of the former were omitted revealed that they were not all 
essential. Finally, the minimum requirements of F. 
fructigenum were found to be: glucose, 2 g.; asparagine, 
2 g.; tri-potassium phosphate, 1-25 g.; magnesium sulphate, 
0*75 g.; agar powder, 15 g.; distilled water, 1 litre. On this 
medium (Brown’s glucose-asparagine medium) growth and 
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TABLE 4 

Composition of a Number of Synthetic Media in Grams per Litre op Distilled Water 
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sporulation were roughly the same as on the natural potato 
extract. As will be seen later, this medium does not suffice 
for the growth of certain other fungi. 

Table 4 gives the composition of a number of synthetic 
media devised by various investigators, often for the growth 
of specific fungi. These show a general similarity. Glucose, 
sucrose or some other carbohydrate is invariably included 
in relatively large amounts. A source of nitrogen, either 
organic or inorganic, potassium phosphate, magnesium 
sulphate and, less commonly, certain other salts complete 
the medium, which may be solidified by the addition of 
15-20 g. agar per litre. 

The requirements of individual fungi vary so much that 
some grow best on one medium and some on another. By 
experiments in which the nature and concentration of the 
ingredients of a synthetic medium are altered, much may 
be learnt of the nutritional requirements of various fungi. 
Some, however, which grow quite satisfactorily on certain 
natural media, are unable to grow on simple synthetic ones, 
e.g. Nematospora gossypii does not grow on either the 
glucose-asparagine medium which suffices for F, fructU 
genum or the full medium, the composition of which more 
closely resembles that of the original potato extract. Minute 
quantities of certain complex organic substances make the 
medium suitable for the growth of some but not all of such 
fungi. In general, however, natural media are more favour¬ 
able than synthetic ones to the growth of fungi, although by 
various modifications the latter may be greatly improved. 

The first essential for the artificial culture of fungi is 
the provision of an adequate supply of water. Most media 
are therefore fairly dilute solutions, which may or may not 
be solidified with agar or gelatine (Chapter Two, p. 20). 

3—THE SOURCE OF CARBON 

The importance of the source of carbon in fungal nu¬ 
trition has already been emphasised. Organic compounds 
must be supplied in any culture medium. Since a large pro¬ 
portion of the carbon in the medium passes into the at¬ 
mosphere as the carbon dioxide of respiration, and since 
carbon compounds make up the greater part of the dry 
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weight of the fungal body, the aiiiDutit of organic sub¬ 
stances supplied is larger than the amounts of the various 
salts. 

A. Carbohydrates 

Carbohydrates are usually the best source of carbon for 
fungal growth (741). Nearly all fungi which can be cultured 
are able to use glucose or fructose, and growth is usually 
equally good with either of these sugars (74). A few fungi, 
e.g. Colletotrichum sp. (762) and Melanosporn zamiae 
(346), are either unable to use fructose or use it less readily 
than glucose. Inability to utilise glucose is rare, but a few 
spGcics arc said to be unable to grow well with glucose as 
the sole source of carbon, e.g. Spkaeronema firnbriatum 
(797) and Fusarium Uni {762). 

Other hexose sugars are used by some fungi. Mannose 
usually gives yields of mycelium of AspergiUus niger as 
good as those with glucose (in j), but some observers report 
that it is unsuitable for tliis fungus and for Penicillium sp. 
( 366 ). Growth of Melanospora destruens is similar with 
either glucose, fructose or mannose ( 344 ). On the whole, 
mannose is inferior to glucose for most fungi. Results with 
galactose are also variable. This sugar gives good growth of 
Trichophyton interdigitale ( 532 ), Rhizopus suinus { 167 ), 
Rhizoctonia sp. ( 493 ) and Ceratostomella ulmi ( 426 ), but 
reduces the rate of spore germination, depresses yield of 
mycelium, and causes the production of abnormal hyphae 
when used as the sole source of carbon in cultures of A. 
niger, Penicillium sp. ( 366 ) and some other fung i ( 225 ). 
If mixed with other sugars, such as glucose, fructose or 
mannose, growth is sometimes increased above that with 
either sugar alone. Growth of Candida albicans on galac¬ 
tose varies according to the source of nitrogen ( 739 ). Some 
fungi, e.g. M, destruens ( 337 ), are entirely unable to use 
galactose, and on it produce a sparse "starvation” type of 
growth in the absence of any additional source of carbon. 
The addition of galactose to a glucose medium has no 
effect, either stimulatory or toxic, on the g^o^vth of this 
fungus. 

Some fungi are able to use one or more of the pentose 
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sugars. Xylose, as may be expected, is usually a satis¬ 
factory source of carbon for wood-destroying fungi, and is 
also used by some others, e.g. M. destruens (344)- The 
latter also grows fairly well with arabinose ( 337 ). In general, 
however, arabinose is distinctly inferior to glucose for 
fungal growth. 

It is probable that disaccharides and trisaccharides are 
used only after conversion into reducing sugars by the 
appropriate extracellular enzymes. Thus the ability to use 
such sugars depends upon the production by the fungus of 
suitable hydrolytic enzymes. 

Sucrose is often a good source of carbon for fungal 
growth, and is used in many synthetic media, but the 
ability to use it varies. Some fungi are unable to grow with 
sucrose as the sole source of carbon, others grow very 
sparsely, while yet others grow as well on sucrose as on 
glucose. This response to sucrose is correlated with the 
amount of invertase produced by the particular organism. 
Some are unable to produce this enzyme, and so are unable 
to use sucrose. Others produce the enzyme very slowly or 
in small quantities, while others produce it so readily that 
growth on a sucrose medium is indistinguishable from that 
on a glucose one. Such correlation between rate of growth 
on sucrose and the amount of invertase produced has been 
shown to exist for the three fungi Podospora sp,, Chaeto- 
mium cochliodes and Pyronema confluens ( 346 ). The first 
of these gave a starvation type of growth on a sucrose me¬ 
dium, and the dried and powdered mycelium had no power 
of inverting a solution of sucrose. The last grew as well on 
sucrose as on glucose, and had a greater power of inverting 
the sugar than had Chaetomium^ which grew rather less 
well on sucrose than on glucose. The rate of removal of 
sugar from the medium was also correlated with the inver¬ 
tase activity of the mycelium as might be expected- 

Other disaccharides and trisaccharides are used by 
certain fungi. Maltose is often as good as glucose, but 
lactose and raffinose are usually inferior, and this may be 
due either to the general unsuitability of galactose, which 
is one of the products of hydrolysis of these two sugars, or 
to failure to produce the appropriate hydrolytic enzymes, 
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Trehalose permits good growtli of some fungi and meli- 
biose is used by some yeasts. Ability to use these sugars is 
again dependent upon the synthesis of the enzymes neces¬ 
sary for hydrolysis. 

Similarly, the use of polysaccharides also depends ujion 
the ability to produce the appropriate hydrolytic enzymes. 

Starch is readily used by a number of fungi. Many use 
starch in their natural habitat. Thus those causing deteriora¬ 
tion of starchy stored products, ^uch as grain and flour, and 
the common moulds occurring on damp stale bread, must 
obtain all or nearly all their carbon from starch. When 
such fungi have produced sufheient diastase to hydrolyse 
some of the starch to glucose, many other fungi which are 
themselves unable to hydrolyse starch become established. 
It is well known that Saccharomyces cerevisiae, the yeast 
used commercially in the production of alcohol, is unable 
to use a starchy substrate until the starch has been hydro¬ 
lysed, either by acid hydrolysis or by the action of diastatic 
enzymes synthesised by other micro-organisms, e.g. Mucor 

or Rhizopus, or by higher plants, e.g. germinated barley 
(malt). 

Cellulose IS also used by many fungi. Some wood- 
destroying fungi destroy the lignin of the wood cells, but 
others destroy the original cellulose cell walls. Fungi of the 
first group produce a white rot, those of the second produce 
a brown rot of timber. Fungi play an important part in the 
breaking down of the cellulose of plant remains in the soil 
and in the consequent production of humus. In most soils 
bacteria are more active than fungi in the hydrolysis of 
cellulose, but in acid soils fungi are the more important. 
Many plant parasites produce rotting of the tissues by 
secreting the enzyme pectinase which breaks down the 
pectin of the middle lamella of the cell walls, rather than by 
attacking the cellulose wall itself. 

Glycogen is used by a number of fungi in artificial cul¬ 
ture, and is probably attacked by fungi parasitising animals 
and by those which commonly occur on carcases in cold 
storage, e.g. strains of Cladosporium herbarum. 

Inulin is used by relatively few fungi. This is due to the 
failure to secrete the appropriate enzyme, inulase, rather 
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than to any inhibitory effect of the inulin itself. Thus, if 
fungi which are normally unable to use inulin are grown on 
this carbohydrate in mixed culture with other organisms, 
such as Pyronema confluens or certain fungi parasitising 
dahlia tubers, which do secrete the ens^me, they grow well 
on the fructose produced by hydrolysis ( 344 )- 

Some fungi use chitin. This polysaccharide forms the 
main skeletal tissue of insects and crustaceans. A number 
of the primitive unicellular fungi known as chytrids may 
be found growing on the chitinous exuviae of aquatic 
insects and appear to derive most of their energy from the 
utilisation of the chitin. They may be trapped by placing 
strips of shrimp, crab or lobster shells, treated to remove 
most non-chitinous nutrients, in pond water, and may be 
cultured on such strips or on agar media containing 
specially prepared chitin ( 387 ). Most insect parasites, such 
as species of Empusa^ Entomophthora and Cordyceps^ 
penetrate the skin, but consume only the soft internal parts 
of the insect and leave the chitinous skin itself intact. It 
is not certain whether the group of minute external 
parasites on insects, known as the Laboulbeniales, actually 
penetrate the skin or are purely epiphytic. Penetration of 
the insect skin by fungal parasites is probably mechanical 
and may not involve chemical breakdown of chitin. 

Many fungi secrete the enzyme pectinase and are thus 
able to use pectin, but a fuller account of pectinase secre¬ 
tion will be given in a later chapter dealing with the 
physiology of parasitism. The destruction of the pectin in 
fruit juice by f^ungal invaders is one of the reasons for the 
inferiority of overripe fruit for jam-making, since the re¬ 
duction in the pectin content impairs the ^^setting” quality 
of the fruit. 

Pentosans are broken down and used by some fungi, 
particularly by wood-destroying ones, but little is known 
of the part played by these substances in fungal meta¬ 
bolism. 


Lignin is also broken down by wood-destroying fungi, 
but attempts to cultivate these artificially on preparations 
of lignin from wood have been unsuccessful. Fun^ includ¬ 
ing some of those causing decay of timber, are ahle to use 


57 



PHYSIOLOGY OF FUNGI 

glucosides if they produce the enzyme emulsin which 
breaks down glucosides to give a sugar and an aromatic 
group, and are also able to oxidise the latter. It is probable 
that the toxicity of some glucosides, such as saponin to some 
fungi, is in inverse proportion to the ability of the latter to 
oxidise the aromatic group. Thus Polystictus versicolor, 
which has a particularly active oxidase system, tolerates a 
concentration (4 per cent.) of saponin, which is toxic to 
most fungi (415). 

Agar is itself a carbohydrate, but is attacked by few if 
any fungi, hence its great value as a solidifying agent for 
culture media. 

Occasionally fungi grow better on a mixture of several 
sugars than with a similar total concentration of one 
sugar alone. It is probable that such an organism is able to 
produce small quantities of several enzymes more easily 
than a large quantity of any one alone. Such a fungus 
would probably be better fitted for life under natural con¬ 
ditions, where mixtures of substances are more frequent 
than large amounts of a single one, than would a fungus 
which produced larger quantities of a single enzyme. 

The response to various carbon sources may be very 
specific, so that one substance may be used readily while 
another of closely similar chemical structure may be use¬ 
less. The classic example of such specificity is the discovery 
by Pasteur of the selective action of species of Penicillium 
on tartaric acid. When this fungus is grown on the racemic 
acid, a mixture of dextro- and levo-rotary forms which is 
optically inactive, it selects the dextro- in preference to the 
levo-form, and owing to the accumulation of the latter the 
substrate becomes optically active. 

D. Fats and Other Lipoid Substances 

Fats are not attacked as readily as are carbohydrates, but 
many fungi are able to use them in culture. Fatty substrata, 
such as oil-containing seeds, commercial oils, butter or pre¬ 
parations such as toilet creams which contain lipoid sub¬ 
stances, are readily decomposed by fungi. Certain fungi, 
such as Phycomyces spp., actually grow most luxuriantly 
on a fat-containing medium. Others again are able to use 
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fatty substances in the presence of small amounts of 
carbohydrates. 

c. Proteins, Amino Acids and Amides 

Proteins are attacked by many fungi chiefly as a source 
of nitrogen. In the absence of any other source of carbon, 
however, most fungi are able to use that contained in pro¬ 
teins, amino acids and amides. 

Skin, hair and horn are attacked by a number of fungi, 
including the dermatophytes, a group of Fungi Imperfecti 
causing skin diseases, such as the well-known ringworm. 
These will grow on hair or horn shavings in distilled water, 
although more slowly than in the presence of added carbo¬ 
hydrates (235, 236, 815). In artificial culture, however, a 
number of strains are unable to hydrolyse keratin (744), 
though they cause injury to hair in the natural state. 
Saprophytes, such as Onygena equina^ occur naturally on 
horn or bone, and species of Gymnoascus and Ctenomyces 
grow on feathers, but the chemistry of the break-down of 
these substrates has not been studied. 

d. Other Sources of Carbon. (Organic acids, higher 

alcohols, etc. ( 741 ).) 

While there is a general similarity in the ability of nearly 
all fungi to use glucose and fructose and rather more in¬ 
dividual variation in ability to use other carbohydrates, 
individual variation becomes much greater when one con¬ 
siders the ability to use other carbon compounds. Organic 
compounds lacking a hydroxyl group are usually useless 
and those containing more than one such group are better 
than those with only one. Some fungi are able to use various 
organic acfds, notably tartaric, malic, citric and lactic acids, 
as the sole source of carbon. The simpler organic acids, 
such as oxalic acid, are usually unsuitable. Other fungi 
again grow fairly well with certain higher alcohols, such as 
glycerol, mannitol, sorbitol and inositol as the sole source 
of carbon. Lower alcohols, including ethyl alcohol, are 
poor. Aldehydes are all poisonous, and esters are usually 
poisonous except in very small doses, 
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4^NITR0GEN 

The amount of nitrogen required is less tlian the amount 
of carbohydrate, but is high when compared with the 
necessary amounts of other ingredients. 

Fungi and bacteria may be divided into four main 
physiological groups, according to their nitrogen require¬ 
ments (631) (Table 5 ). 


TABLE 5 

Available Sources of Nitrogen 


After Robbins ( 651 ) 



Molecular 

Nitrogen 

Nitrates 

Ammonium 

Salts 

Organic 

Nitrogen 

Group I . . . ; 


-f 

1 

+ 1 

4- 

Group II . 


4- 

+ 1 

4- 

Group III . 

— 


4- ' 

1 4- 

Group IV . 



1 J 

1 1 

4' 


This grouping is only valid under standard conditions, 
since the ability to use a particular source of nitrogen may 
depend upon the nature of the carbon source or other 
factors. Thus, certain species of Mucor (M. griseocyaneus, 
M. racemosus, M. christianiensis, M. spinosus and M. 
sphaerosporus) use either nitrate or ammonium nitrogen 
in the presence of glucose, but do not use ammonium salts 
if glycerol is substituted for glucose (315). The last two are 
also unable to use ammonium salts if glucose is replaced by 
mannitol. Similarly, the suitability of various sources of 
nitrogen for growth of Cladosporium herbarum varies 
with the carbon source (189). With poor sources of carbon, 
such as mannitol, glycerol or lactose, Aspergillus niger, 
which normally falls in group II, requires special nitrogen 
compounds, such as traces of chlorophyllin or of particular 
amino acids (iii j). 

The first group includes those capable of using mo¬ 
lecular nitrogen. Such organisms are said to be nitrogen¬ 
fixing. Most of them are bacteria, e.g. Azotobacter sp., 
Clostridium pastorianum and the symbiotic forms, such 
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as Rhizobium leguminosarum. Various fungi, e.g, Asper¬ 
gillus niger and Phoma spp., have been reported to be able 
to fix nitrogen, but the evidence is inconclusive (7, 220). 
Certain mycorrhizal fungi, however, may be able to use 
atmospheric nitrogen when they are growing in association 
with the host root. Phoma radicis callunae^ which forms 
mycorrhiza with the common ling {Calluna vulgaris)^ may 
do so, in which case the symbiotic relationship between 
fungus and higher plant would be similar to that between 
Rhizobium and the leguminous plants, that is, the green 
plant would benefit by the fixation of nitrogen and the 
formation of nitrogenous compounds by the fungus, while 
the latter would benefit from the photosynthetic products 
of its host (543, 624). Other species of Phoma forming 
mycorrhiza are also probably capable of fixing atmospheric 
nitrogen. One of these in culture fixed 22 mg. nitrogen per 
gram of glucose used (751, 752). Orchid mycorrhizal fungi 
have also been shown to fix a small amount of nitrogen, 
but this was insignificant compared with the amount fixed 
by a comparable culture of Azotobacter (825). 

The possibility of fixation of nitrogen by the cereal rusts 
has recently been considered. Rusted leaves of wheat con¬ 
tain more protein and other nitrogenous compounds (in¬ 
cluding urea and ammonia) than healthy ones (147). 
Straw from rusted plants was found to contain 7*64 per 
cent, protein, while that from healthy plants contained only 
2*44 per cent. (284). This may have been due to interference 
with normal translocation in the infected plants rather than 
to fixation of nitrogen by the rust. A det^ed study of the 
nitrogen content of wheat plants infected with leaf rust, 
Puccinia triticina^ showed that rusted plants at first were 
little different from healthy ones. Twenty-one days after in¬ 
oculation, however, the rusted plants contained twenty-one 
times as much protein, ten times as much soluble nitrogen 
and sixteen times as much total nitrogen as the uninoculated 
controls (5 8), The amount of nitrogen in the rust mycelium 
would be far too little to account for such a difference. 
Experiments in Portugal (208), in which rusted and healthy 
plants were grown in a nitrogen-free medium, resulted in a 
much higher nitrogen content in the former and led to the 
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suggestion that the rust might be able to fix nitrogen from 
the atmosphere. The well-known fact that the area immedi¬ 
ately surrounding a rust pustule remains green longer than 
the more remote tissue supports this view, but the equally 
well-known fact that susceptibility of cereals to rusts in¬ 
creases with increase in nitrogenous manuring and conse¬ 
quent increase in nitrogen content of the host cells, 
suggests that, far from being able to fix atmospheric nitro¬ 
gen, the rusts are dependent upon a high nitrogen content 
in the host cells for satisfactory development. 

Fungi of the second group (nitrate-ammonia organisms) 
are unable to use atmospheric nitrogen, but use nitrates, 
ammonium salts or organic nitrogen. The majority of fungi 
belong to this group, and their requirements are met by the 
inclusion in the medium of a nitrate, usually potassium 
nitrate, of an ammonium salt or of certain organic nitro¬ 
genous compounds, such as asparagine or peptone. Potas¬ 
sium nitrate is the only source of nitrogen in many of the 
well-known synthetic media. Sodium nitrate is employed 
in some others. A disadvantage is that some fungi rapidly 
become staled on a nitrate medium. The development and 
nature of staling of Fusarium fructigenum in Richard’s 
solution (sucrose, potassium nitrate and other salts) has 
Been followed in some detail (73, 594, 595). The staleness 
of the culture medium was estimated by its inhibiting effect 
on the germination of spores of Botrytis cinerea^ which are 
particularly sensitive to staling products. As the culture 
aged the medium gradually became less suitable for ger¬ 
mination, which was finally inhibited. This was not due to 
exhaustion of food supply, since germination actually in¬ 
creased with dilution of the staled medium. Fresh Richard’s 
solution is slightly acid {pH = 4 - 6 ), but growth of F. 
fructigenum gradually increased the pH until the reaction 
was strongly alkaline. Boiling partially restored the stale 
medium in cultures which were still acid. Acidification of 
older alkaline cultures was also beneficial, while boiling pro¬ 
duced a further reduction in staling capacity. Extraction 
with ether after acidification further improved the staled 
medium. Charcoal could absorb some of the toxic sub¬ 
stances from the acidified medium, while colloidal clay was 
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effective even without acidification. Chemical tests indicated 
the presence in the staled medium of small amounts of free 
ammonia, alcohol, salts of fatty acids (acetic, propionic, 
butyric, valeric and lactic acids) and possibly of traces of 
formaldehyde. Crystals of insoluble magnesium ammonium 
phosphate were present, indicating that some of the am¬ 
monia produced was deactivated. Some of these substances 
were shown to reduce the germination of Botrytis spores, 
but alcohol is toxic only in high concentrations, while 
organic acid radicals are not inhibitory if the medium is 
alkaline. Considerable amounts of potassium bicarbonate 
and smaller amounts of carbonates were present, and it was 
concluded that these were the main cause of staling. Pre¬ 
sumably in the utilisation of potassium nitrate by Fusarium 
/ructigenum the nitrate ion was used more rapidly than the 
potassium ion, which combined to give the alkaline bicar¬ 
bonate. A lower concentration of potassium nitrate in the 
original medium resulted in a slower change in pH and a 
corresponding delay in the development of staling condi¬ 
tions. 

When a fungus is grown with an ammonium salt as the 
sole source of nitrogen, the reaction of the medium tends 
to become more acid. Fungi vary in the rate at which their 
growth leads to increasing acidity of an ammonium-salts 
medium and also in their toleration of a low pH. Hence 
ammonium salts are more satisfactory sources of nitrogen 
for some organisms in this group than for others. The 
acidity results from a rapid utilisation of the ammonia 
radical. Thus the use of ammonium chloride, ammonium 
sulphate, ammonium phosphate or ammonium tartrate 
leads to the accumulation in the medium of hydrochloric, 
sulphuric, phosphoric or tartaric acids respectively. Phos¬ 
phoric and tartaric acids are less strongly dissociated than 
either hydrochloric or sulphuric acids, and thus an inhibit¬ 
ing hydrogen-ion concentration, and consequently a staled 
condition of the fungus, is reached less rapidly with am¬ 
monium phosphate or tartrate than with chloride or sul¬ 
phate. Hence the two former salts are usually more favour¬ 
able to fungal growth. With ammonium nitrate the am¬ 
monia ion is usually used first, and the medium becomes 
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acid through the accumulation of nitric acid, but eventually 
with the exhaustion of the ammonia supply the nitric acid 
in turn is used and the medium becomes less acid or even 
alkaline with further growth of the fungus. 

Nitrites are usually considered to be toxic to fungi and 
to most bacteria, but Aspergillus niger is able to use them 
(430). The culture solution in which this fungus had grown 
brought about the rapid conversion of nitrites to hydroxy- 
lamine, which is considered by some investigators to serve 
as the primary source of nitrogen for protein synthesis. 

Fungi of the third group {ammonia organisms) are un¬ 
able to use either elementary nitrogen or nitrates, but are 
able to use ammonium salts or organic nitrogen com¬ 
pounds. Some of the members of the Mucorales belong to 
this group, while others belong to the second group (20, 
21). 

Some of the ammonia organisms, while able to grow 
with an ammonium salt as the sole source of nitrogen, grow 
much better when organic nitrogen is supplied (250). For 
example, Phycomyces blakesleeanus is able to utilise 
various ammonium salts, but grows more rapidly and more 
luxuriantly if asparagine is present (672). 

Finally, there is a fourth group comprising fungi which 
require their nitrogen in an organic form (organic nitrogen 
organisms), e.g. Diplodia zeae (631) and some species of 
Phytophthora (631). The members of this group are mostly 
parasites which, in their natural habitat, are able to obtain 
nitrogen in an organic form from the host. The require¬ 
ments of obligate parasites are unknown, since they are in¬ 
capable of growing in artificial culture, but it may well be 
that they are even more exacting than such a parasite as 
D. zeae, which must be supplied with an organic source of 
nitrogen but may yet be cultivated on artificial media. It has 
been suggested (147) that susceptibility of wheat varieties 
to stripe rust (Puccinia glumarum) is correlated with the 
presence and concentration of certain specific proteins. 
Some fungi, including certain mutant strains of Neurospora 
crassa, are unable to use particular mixtures of amino acids 
owing to their inability to synthesise others which are 
essential for the elaboration of proteins. Glutamic acid, 
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aspartic acid, asparagine and glutamine promote the growth 
of Saccharomyces cerevisiae in the presence of an optimum 
amount of jS-alanine, but reduce growth in the presence of 
suboptimal amounts of this substance (327). Thus, even 
within this group there is much individual difference in the 
complexity of the organic nitrogen source which will suffice 
for growth. 

Experiments with Fusarium fructigenum, Sphaeropsis 
malorum and some other fungi show that growth on media 
such as Brown’s glucose-asparagine medium or the natural 
potato-extract medium, which contain organic nitrogen 
compounds, eventually leads to an alkaline type of staling 
(98). This is due to the accumulation of ammonia as a result 
of the decomposition of these organic nitrogen compounds. 
Staling is intensified if the amount of carbohydrate in the 
original medium is low so that the fungus is forced to 
obtain some of its carbon from the nitrogen compound, 
thus liberating a large excess of ammonia. The staling 
action of ammonia is counteracted to some extent by the 
carbon dioxide produced by the respiration of the growing 
colony. This type of staling is more acute in a closed Petri 
dish than when the lower half containing the culture is ex¬ 
posed in a large vessel. 

If plates of fresh medium are exposed to the gases given 
off by such staled fungi, they are rendered unsuitable for 
fungal growth. For example,, when plates of potato agar 
were exposed to ten-day-old cultures of Sphaeropsis 
malorum on a similar medium and subsequently were 
inoculated with the same fungus, the average diameter of 
twelve colonies after two days was 0*42 cm. compared with 
1*57 in unexposed control plates (98). If the exposed plates 
are left with their lids off for some time before inoculation, 
they no longer cause staling. 


5 —MINERAL REQUIREMENTS 

In addition to water and carbon and nitrogen com¬ 
pounds, phosphorus, potassium, magnesium and sulphur 
must also be included in the meffium for satisfactory 
growth of most fungi. 
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A. Phosphorus 

This is very important, and in synthetic media is almost 
invariably supplied in the form of phosphate, usually 
potassium phosphate. Either potassium dihydrogen phos¬ 
phate, dipotassium hydrogen phosphate or tripotassium 
phosphate is chosen according to the />H value required in 
the medium. Certain fungi which grow best in a slightly 
acid medium are best supplied with phosphorus in the 
form of potassium dihydrogen phosphate, which gives an 
acid reaction. Others which are favoured by a neutral or 
slightly alkaline reaction ate best grown on a medium 
containing one of the other tw'o salts. Sodium phosphate is 
similarly employed in some media, but the potassium salt is 
usually preferred, since it also supplies potassium, which is 
another element essential for the growth of fungi. 

Phosphorus is present in rather high quantity in the 
cells of moulds and yeasts, and thus must obviously be 
supplied in adequate amount in the medium. Evidence 
from recent work suggests that the breakdown of at least 
part of the carbohydrate proceeds by way of phosphoryla¬ 
tion, and that much of the energy used by the fungus in 
synthesising complex organic substances is derived from 
energy-rich phosphorus compounds. Phosphorus also 
enters into the composition of the phospholipoids, which 

are an important constituent of the yeast cell, and of nucleic 
acid. 

B. Potassium 

Potassium is also essential for the nutrition of fungi. 
Very little potassium is necessary, and fungal ash shows 
relatively little of this element compared with that of higher 
plants. Spore production falls off more rapidly than my¬ 
celial growth with low concentration of potassium. This 
element is difficult to exclude entirely from a medium, 
since it is present as an impurity in the chemicals and glass¬ 
ware used and also is transferred with the inoculum. Thus 
slight growth usually occurs even when no potassium salt 
is included in the medium. Small additions of a potassium 
salt increase the growth considerably. Usually the potas- 
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sium is given as potassium nitrate and potassium phosphate. 
When the nitrogen or phosphorus is being used com¬ 
paratively rapidly, the potassium ion is in excess and 
potassium carbonate and bicarbonate are formed with 
adverse effects, as already pointed out. 

c. Magnesium 

This is similarly essential in small quantities and, like 
potassium, has a great effect on sporulation. It is a con¬ 
stituent of yeast carboxylase and probably plays a similar 
part in mould metabolism. With very low concentrations 
of magnesium, reduction of sporulation is more marked 
than reduction of mycelial growth. Magnesium is usually 
added as magnesium sulphate, which also serves as a source 
of sulphur. Yields of Aspergillus niger on media deficient 
in potassium or magnesium are increased by the addition 
of sodium and beryllium respectively (726) but the latter 
elements cannot entirely replace the former. 

D. Sulphur 

The latter is required in even smaller quantities than 
magnesium, but is, nevertheless, essential for good growth, 
presumably because it enters into the composition of pro¬ 
teins. It is nearly always added as magnesium sulphate, but 
is occasionally better in the organic form. Thus certain 
species of the water mould Saprolegnia are unable to use 
sulphates and require thiosulphates (773). Sulphydryl and 
sulphides are also used to some extent by this fungus. 
Some species of water mould require organic sulphur in 
the form of cystine (774). This may be correlated with their 
natural habitat, where organic sulphur is available from 
decaying plant and animal remains. Certain mutant strains 
of Ophiostoma multiannulatum are unable to use sulphates 
and require thiosulphates (273). Some other fungi, e.g. 
Botrytis cinerea^ Aspergillus niger and Penicillium 
glaucuniy which grow well in the presence of sulphates, are 
dso able to use thiosulphates, sulphydryl, sulphites, per- 
sulphates and thiocyanate to some extent (i6). Sulplutes 
are toxic to most fungi, and sulphides are usually not 

67 



PHYSIOLOGY OF FUNGI 

readily assimilated (724). To some extent the availability of 
sulphur compounds varies with the nitrogen source. 

E. Calcium 

Calcium is usually considered to be non-essential, al¬ 
though results are conflicting even with the same fungus 
(182, 486, 532). Calcium carbonate may be useful, however, 
to prevent the accumulation of acid. It is sometimes used in 
industrial fermentations to increase the yield of organic 
acids from strains of moulds intolerant of acidity. 

Sodium and silicon are seldom included. They are either 
not required or are available in sufficient quantity as im¬ 
purities derived from other chemicals or from glass-ware. 

F. Trace Elements 

Certain physiological diseases of the green plant have 
received a great deal of attention recently, and have been 
shown to be due to insufficient supply of one or other 
element, such as boron, manganese or copper, not formerly 
considered to be necessary for plant nutrition (iii k). 

Minute quantities of these heavy metals, including zinc, 
iron, manganese, copper, molybdenum and gallium, have 
been shown to be necessary for the growth of fungi and 
bacteria. Complete absence of them is difficult or impossible 
to obtain. They are as necessary for growth as the elements, 
such as potassium or phosphorus, which are normally 
added to the medium, but sufficient quantities are usually 
present derived from impurities in the other chemicals or 
the glass-ware, and from the inoculum. Improved methods 
of purification of the chemicals, choice of the most suitable 
type of glass-ware and the elaboration of culture methods 
designed to reduce the amount of the metals in the spores 
or mycelium used as inoculum have made it possible to 
establish the necessity of a trace of these heavy metals for 
growth of micro-organisms. Suboptimal amounts produce 
profound physiological and morphological changes. These 
metals show specificity, and cannot be replaced by any 
other element. Such an element, which is required in 
minute amount only, is known as a trace element. 

The first record of the need of such a trace element for 
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growth of a fungus is that of Raulin in 1896 (615), who 
showed that both iron and zinc were needed by Aspergillus 
niger. Raulin’s work was criticised by later investigators, 
who attempted to explain his results as due to the supposed 
stimulatory effect of traces of poisonous substances. The 
improved technique introduced by Steinberg in 1919 (717) 
enabled media to be prepared in which all but the most 
minute trace of iron, zinc or other metals was eliminated. 
It was then seen that the effect of these metals was not 
merely stimulatory but that they were essential to the 
normal nutrition of A. niger. Thus minute quantities of 
zinc increased the yield of mycelium by more than 500 
times, an effect which could hardly be described as merely 
stimulatory. Later manganese (39), copper (70), molyb¬ 
denum (720, 721) and gallium (722) were found to be 
equally essential for the normal growth of A. niger and 
certain other moulds (56, 258, 460, 476, 477, 511, 650, 
651, 655). Claims have also been made that boron (182), 
columbium and tungsten (460) are essential trace elements 
for some fungi, but these claims have not yet been con¬ 
firmed. Table 6 shows the results so far obtained. Results 
with yeasts are not included. Most of the work done has 
been with A, niger ^ but it is probable that these elements 
are required by all fungi. The necessity of iron has been 
generally accepted, and the fungi shown to need this 
element are too numerous to list. 

(i) Zinc is not only essential for growth of A, niger 
and certain other fungi, but increases in concentration 
of this element up to the very low optimum amount 
(O'l mg. per litre (717)) accelerate the rate of growth, 
influence the appearance of the hyphae and increase 
sporulation. Cultures of A. niger ^ in media with unfavour¬ 
ably low concentration of zinc, are white and nearly sterile 
in contrast to the normal blaclc sporing cultures. Produc¬ 
tion of conidia by Fusarium oxysporum and Acaulium 
nigrum and of zygospores by Rhizopus nigricans is in¬ 
hibited by complete absence of zinc (55 5). 

Colour production by fungi is also influenced by zinc 
and other heavy metals. The synthesis of a number of 
organic acids by A. niger is repressed by zinc, but 
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TABLE 6 

Fungi proved to require Certain Trace Elements 

Data from Stiles (m k) 


Fungus 

Zinc 

Boron 

Manga¬ 

nese 

Copper 

Molyb¬ 

denum 

1 

Gallium 

1 

Columbium 

and 

Tungsten 

Aspergillus niger 

+ 


+ 

+ 

4* 

i + 


A.flavus 

+ 


4 - 

-1- 




A.fumigatus . 

+ 

— 


4* 


_ 


A. oxyxae 

+ 

— 


+ 




A.ficum 

+ 

— 


+ 


_ 


A. einnamcmeus 

4- 



+ 




A.fuscus 

+ 

— 


+ 

_ 



Rhixopus nigricans . 

+ 

— 

4 - 

+ 




R. suinus 

Trichophyton 

+ 

1 

1 





interdigitale 

Phyrruitotrichum 

+ 

—> 

4 - 

+ 

— 

— 

— 

omnivorum . 
Penieillium 



— 

4- 

— 



javanicum 

— 




1 

-I- 



Ceratostomella ulmi 

+ 


+ 

1 

1 


Fusarium oxysporum 
Penieillium 

+ 

1 

— 



— 

~ 

— 

sulphureum . 

+ 


MM 


_ 

1 


P. luteum 

4 * 







Maerosporium sp. 

4- 




_ 



Phoma betae . 

4- 



_ 




Ovularia sp. . 

4- 







Botrytii cinerea 
Dotniorella sp. 

4- 







4- 


— 

— 

— 



•ign indicAtes absence of data, and does not mean that the particular element is 
not necessary. 


the amount of citric acid is increased (790). Zinc also 
catJyses the formation of fumaric acid from glucose by 
Rhizopus nigricans (782). 

(ii) Iron is required in a slightly greater quantity than 
most trace elements, so that the need for it was recognised 
before the development of the special technique which has 
shown that other heavy metals are also essential for ade¬ 
quate nutrition. Accordingly iron is included in a number 
of synthetic media (e.g, Richard’s solution which contains a 
trace” of ferric cliloride). Growth of certain fungi is in¬ 
creased by a trace (100 mg. iron phosphate per 50 c.c. 
edium) of iron to between 40—75 times that in iron-free 
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cultures (717, 718). Iron is found in the black pigments of 
conidia of A, niger, and sporulation of this fungus is re¬ 
duced in its absence. Pigmentation of the yeast Torulopsis 
pulcherrima is dependent upon the presence of iron (65 z). 

(iii) Manganese is required in smaller amounts than 
either zinc or iron, and the reduction of growth in its 
absence is less than with absence of either of these elements. 
It is essential, however, for sporulation in a number of 
fungi, and deficiency in manganese may produce morpho¬ 
logical changes, such as the reduction in number of conidia 
produced by a single sterigma or the complete absence of 
the sterigmata of A, niger (iii b). 

(iv) Copper is required only in very minute amounts, 
and its essentiality is thus particularly difficult to prove. 
With very low concentration the myceliaimat of A. niger 
is white and sterile; with increasing amounts of copper the 
number of spores increases, and the colour of the colony 
changes from white through yellow and yellow-brown to 
black (534). 

Very little is known of the effects of other trace elements, 
but it is probable that molybdenum is of importance in 
the utilisation of nitrates (721, 723). 

The mechanism by which trace elements play a part in 
nutrition is still obscure. Some of them enter into the 
composition of certain pigments. Zinc is known to catalyse 
the breakdown of sugars, and its presence in optimal 
amount enables A, niger to utilise sugars more economic¬ 
ally, since the amount of organic acids formed is reduced 
and the sugars are completely oxidised, thus yielding more 
energy per unit weight. Other metallic ions are also known 
to be integral parts of catalytic mechanisms. Many of the 
respiratory enzymes either contain or are influenced by 
certain heavy metals; for example, iron compounds form 
the prosthetic group of a system of oxidising enzymes, 
including Warburg’s cytochrome; copper forms part of the 
polyphenol oxidase system found in various agarics and 
in Boletus and also of the monophenol system found in 
species of LactariuSj while manganese is included in the 
co-zymase system. Many of the trace elements cause a very 
slight increase in the pH of the medium owing to the forma- 
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tion of salts of these heavy metals, but the change in p\\ is 
too small to explain the beneficial effect. The optimum 
amount of zinc for growth, however, varies with the original 
/>H of the medium (719). 

In concentrations above the optimum the heavy metals 
become inhibiting. Moreover, there is evidence of ion- 
toxicity, since a progressive decrease in sporulation of A. 
nigeT occurs if the total heavy metal concentration is in¬ 
creased in the absence of one of the essential ones, even 
though the total concentration is less than the optimum for 
the complete solution (719). 


6—GROWTH-SUBSTANCES, ACCESSORY GROWTH- 

FACTORS OR VITAMINS 

As already pointed out (p. 53 ) many fungi grow satis¬ 
factorily on a synthetic glucose-salts medium, but others, 
which grow well on natural media, such as malt-extract 
agar, either fail to grow or grow less well on the ordinary 
synthetic media. The latter may often be made suitable for 
the growth of these organisms by the addition of minute 
traces of complex organic substances. These are most 
usually termed growth-substances. Some have been identi¬ 
fied with known vitamins. The term "vitamins” was first 
used to denote certain substances necessary to the nutri¬ 
tion of animals. Willaman (814) defined vitamins as “a 
class of substance the individuals of which are necessary 
for the normal metabolism of living organisms, but which 
do not contribute to the mineral, nitrogen or energy factors 
of the nutrition of these organisms.” Knowledge of some 
of the fungal growth-substances is insufficient to warrant 
their inclusion as vitamins, hence the more general term 
is to be preferred. Numerous other terms, such as accessory 
growth-factors, auximones, auxithals or nutrilites, have 
been proposed, but are not generally used. A true growth- 
substance is added in minute amounts, but produces a 
large effect on growth. Such a large effect could not be pro¬ 
duced by the use of the growth-substance as food, and indi¬ 
cates that these substances play a stimulatory or catalytic 
part. Nevertheless, they are used up during fungal growth. 
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Pasteur in 1871 cultivated a strain of yeast on a synthetic 
medium by inoculating the latter with what he described 
as a "pinhead” of the yeast from an older cultuiy. Liebigj(S|s 
unable to reproduce these results (578)» but these diff^- 
ences were finally explained by the work of Wildiers m 
1901 (8io). He showed that if a large inoculum were used, 
the yeast grew satisfactorily in a synthetic medium, but 
that, if only a relatively small number of cells were trans¬ 
ferred, growth was negligible. He concluded that Liebig s 
failure to repeat Pasteur’s experiment was due to his use 
of a smaller inoculum than that used by Pasteur. The yeast 
required a minute trace of some substance other than th(^e 
supplied in the medium, which was carried over in suffi¬ 
cient quantity in a large inoculum, but not in a small 
Wildiers supported this view by demonstrating that the 
addition of a quantity of boiled yeast to the medium p^- 
mitted growth to take place from a small inoculum. He 
called the unknown growth-substance bios. For the next 
twenty-five years there was considerable controversy as^ to 
the existence of bios. Some investigators denied its exist¬ 
ence, and attempted to explain the conflicting results 
obtained by Pasteur and Liebig by the probable neutralisa¬ 
tion of toxic substances in the medium by the greater 
number of yeast cells in Pasteur’s inoculum (iii l). 
Attempts to identify bios with known substances such as 
Vitamin failed, and in 1923 (277) it was shown that it 

was not a single substance, but a complex group with dis¬ 
tinct characteristics. The study of bios was then taken up 
by Canadian workers, who fractionated it and identified 
some of the fractions. Others were identified by later 
workers. Table 7 summarises the known bios factors. 

The first fractionation of bios was carried out by East- 
cott (223), who used tea leaves as the source of bios. When 
these were treated with barium hydroxide both the 
precipitate and the filtrate were necessary for good gro^h 
of yeast. The precipitate was identified as i-inositol. The 
filtrate obtained from various original sources of bios, 
such as yeast or egg white, was further fractionated by 
various workers by treatment with animal charcoal and ^ 
precipitation with phosphotungstic acid. Bios V was ob- 
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TABLE 7 

The Constituents of Wildier’s Bios 


Bios I (Eastcott, 1928 { 225 )) 
Biqs 11 (Lash Miller et al.^ 1933 

(418)) 


= i-inositol or inosite. 

= (i) 


Bios III (Van Hasselt, 1935 ( 553 )) = Bios 
V (Farell, 1935 ( 247 )), almost replace¬ 
able by vitamin Bj, aneurin or thiamin 
I (Lash Miller, 1937 ( 418 ), Merchant, 

I 1942 ( 488 )). 

(ii) Certain amino acids (alanine and 1-lcu- 

cine) (Lash Miller, 1936 ( 4 * 8 ))- 

(iii) Other unknown factors. 

Bios 116 (Lash Miller, 1933 ( 418 )) = biotin (Kogl and Tdnnis, 1933 ( 405 )) or vita¬ 
min H (Gyorgy et al., 1942 ( 313 ))- 

Bios VII (Lash Miller, 1937 ( 418 ), Elder,^ Merchant, 1942 ( 488 ), almost replaceable 
by vitamin B*, pyridoxine or adermin. 

Bios Vlll (Elder'h unidentified. 

Pantothenic acid (Williams et al., 1933 ( 816 )) associated with Bios IIo. 

Biosterol (Devloo. 1938 ( 194 ))- 

' Reference in Schopfer (in i). 


tained from tomato juice by precipitation with tannin 
{ 247 ). Fig. 12 gives an outline of the fractionation methods. 

Work on the nature and activity of the bios complex was 
concerned solely with the effect on yeast growth. It was 
soon found that different species of yeast, and even different 
strains of the same species, varied in their requirements. 
Some strains did not require one or other of the fractions 
of bios, others needed only a few or even only one of the 
fractions, while yet others grew in the absence of an exter¬ 
nal supply of bios substances ( 164 ). 

Meanwhile, work on a number of filamentous fungi 
revealed that many of these also required an external 
supply of certain growth-substances. Some of the earliest 
work was that of Nielsen, who showed that the culture 
medium in which Rhizopus suinus had been grown con¬ 
tained a substance which stimulated the growth of Asper¬ 
gillus niger ( 550 ). A similar substance was present in beer 
wort. If the used culture medium or the beer wort were 
fractionated with ether, the ether-soluble fraction con¬ 
tained a substance (Wuchstoffe A) which stimulated the 
growth of the oat coleoptile and which is now known to be 
heteroauxin (3 indole acetic acid). This had no effect on 
the growth of A. niger, but the ether-insoluble fraction 
contained a substance or substances which Nielsen termed 
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Crude material 
- 1 


Treated tannin 



precipitate—Bios V 


filtrate 

. I 

•Treated barium hydroxide 
or lead acetate 



precipitate—Bios I 


filtrate (Bios II) 
Treated animal charcoal 


not adsorbed—Bios Ila 


adsorbed 


Treated phosphotungstic acid 



precipitate == Bios II6 


filtrate = biosterol 


Fig. 12.— Fractionation or Bios (after Schopfer), 


Wuchstoffe B that stimulated the growth of both this 
fungus and certain yeasts. This work is now of historical 
interest only, as the active principles of Wuchstoffe B were 
never identified fullyv There is little doubt, however, that 
they were related to the bios group. 

Another line of investigation was that concerned with 
the cotton-boll rot fungus, Nematospora gossypiu This 
fungus and certain related ones are unable to grow on 
Brown’s glucose-asparagine medium (p. 53 ), which suffices 
for the growth of Fusarium fructigenum and a number of 
other moulds (99, 248). iV. gossypii grows fairly well, 
however, if peptone is substituted for asparagine. Certain 
proteins, such as egg-white, milk casein or meat extract, 
also permit growth of this fungus. The good effects are not 
due to the complex nature of these proteins, since growth 
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also takes place when the source of nitrogen is a mixture of 
amino acids produced by hydrolysis of a suitable protein. 
Certain other proteins, such as gelatine, edestin or pure 
fibrin, are valueless whether hydrolysed or not. Mixtures 
of pure amino acids made up to resemble the hydrolysed 
protein are not effective. If the proteins of egg-white or 
milk casein are purified by precipitation with alcohol, 
they become unsuitable for growth, but the filtrate stimu¬ 
lates growth when added to normally unavailable sources 
of nitrogen, such as asparagine or hydrolysed gelatine (Table 
8). It may be concluded that some growth-substance is 
normally associated with certain proteins, and that it is 
readily removed by precipitation with alcohol (248). 

TABLE 8 

Afttr Fames and Bell ( 248 ) 

Source of N Dry Weight of Mycelium in G 


Crude egg-white ........ 0 915 

Albumin precipitated by alcohol, unwashed . . . 0 076 

Albumin precipitated by alcohol, washed three times 0'012 

Crystalline albumin ........ 0 007 

FUtrate alone ......... 0-044 

Filtratealbumin ........ T012 

Filtrate-l-asparagine. ....... 0-200 


Lentils are a convenient source of Nematospora growth 
factors, and concentrates may be prepared from these (i i8, 
119, 120), Fractionation with barium hydroxide shows 
that at least two growth-substances are concerned, since 
neither the barium precipitate nor the filtrate is active 
alone, but a recombination of the two is as active as the 
original concentrate. The precipitate fraction is identical 
with meso-inosite (i-inositol), which has been shown to be 
one of the bios factors for growth of a strain of yeast. 
KOgl at Utrecht (405) isolated a substance from egg-yolk 
which had a very high activity for yeast growth, and which 
he called biotin and identified with one of the bios sub¬ 
stances (Bios Hi). Later this substance was shown to be 
identical with vitamin H, the anti egg-white injury vitamin 
(313), Biotin and inositol together give good growth of 
N. gossypiU while thiamin improves it still further (Fig. 14 ). 

During the past decade a considerable literature has 
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accumulated dealing with the need of fungi for one or 
other of the bios factors. Not only have certain bios factors 
been shown to influence fungal growth, but other known 
substances, not hitherto associated with the bios complex, 
have been shown to promote the growth of certain micro¬ 
organisms when supplied in minute amounts. No attempt 
will be made here to review this extensive literature, but 
examples to illustrate the action of the various growth- 
substances will be described. 

All the bios substances are probably necessary for the 
powth of all fungi, but those fungi which are able to grow 
in a simple synthetic medium are able to synthesise them 
for themselves from the sugar and salts of the medium. 
Other fungi have lost the power of synthesis of one or more 
of them, and must have an external supply. The loss of the 
power of synthesis of a particular growth-substance may be 
complete, in which case growth is unable to take place in a 
medium lacking that substance, or may be partial, that is 
growth is sparse in a synthetic medium and is increased 
by the addition of the growth-substance, indicating that the 
rate of synthesis is inadequate for the needs of the organ¬ 
ism. It can be readily demonstrated that certain fungi 
do synthesise growth-substances, since extracts of their 
mycelium or media in which they have grown serve as 
sources of these substances for other organisms needing an 
external supply. Work on the occurrence of mutations in¬ 
duced by irradiation with ultra-violet light or X-rays has 
shown that mutants often arise differing from the parent 
strains in their ability to synthesise vitamins, and that this 
ability is controlled by genes (see p. 36). 

Natural media such as malt extract usually contain all 
the necessary vitamins and growth-substances, and so 
strains deficient in the power of synthesis grow well on 
these and do not reveal their deficiency unless they are 
grown on synthetic media lacking these substances. 

The amount of growth-substance needed to promote 
maximum growth of a deficient fungus is usually very 
small (e.g. biotin is active in a concentration of 1 part in 
400,000,000,000). Consequently, investigations of the 
growth-substance requirements of fungi and bacteria de- 
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mand a specialised technique. Glass-ware must be thor¬ 
oughly clean and chemicals must be of the highest standard 
of purity. Liquid cultures are preferable to agar ones, since 
the usual preparations of agar contain traces of various 
growth-substances and are freed with difficulty by repeated 
washing. Where pure preparations of vitamins are avail¬ 
able, results can be safely attributed to these if the above 
precautions have been observed, but where concentrated 
extracts of natural substances, such as extracts of liver, 
yeast or lentils, are being tested care must be taken to dis¬ 
tinguish the effects of organic substances from those of trace 
elements, and to show that the beneficial effect is not merely 
the result of the neutralisation of the inhibiting effect of 
traces of various toxins present in the original medium as 
impurities. 

The need for an external supply of a growth-substance 
may vary with the nature or concentration of the ordinary 
nutrient constituents of the medium. Thus Pythium butleri 
is unable to grow in a concentrated mineral solution in the 
absence of thiamin, but will do so in a dilute solution 
(642). A strain of Melanospora destruens grows in a dilute 
glucose-salts medium, but needs the addition of biotin if 
the glucose is increased, while growth in a sucrose medium 
free of biotin is better than in a similar glucose one.^ 
Rhodotorula rubra needs pyrimidine (a component of 
thiamin), if the source of carbon is glucose, but does not 
need this substance if glucose is replaced by glycerine 
(276). Aspergillus niger synthesises less riboflavin in the 
presence of a high concentration of magnesium (iii i). 
Other fungi fail to grow in the absence of a particular vita¬ 
min under a variety of environmental conditions. Thus, no 
medium has been found able to support growth of Phy- 
comyces blakesleeanus in the absence of thiamin. It has 
already been pointed out (p. 41 ) that reports of the 
"training” of organisms to do without particular growth- 
substances by repeated sub-cultures on a medium free of 
them have not usually been confirmed. It is much more 
likely that minority strains'retaining the power of synthesis 
have been favoured by this treatment. 

^ Unpublished experiments by the author. 
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We may now consider the specific effect and mode of 
action of particular growth-substances. 

A. Thiamin (Aneurin, Vitamin Bj) 

The majority of fungi known to require external supplies 
of growth-substances need thiamin or a mixture of this 
and of some other substance or substances. Attempts were 
made early in the investigation of bios to identify the latter 
with this vitamin, which was first isolated in 1926 and be¬ 
came generally available in pure form by 1934 . It was soon 
clear that for many organisms bios could not be replaced 
by thiamin, although this was an adequate supplement to a 
synthetic medium for the growth of some fungi. 

The first fungus which was proved to require Vitamin 
for growth was P. blakesleeanus (672, 673). Schopfer 
had previously discovered that growth of this fungus 
was better when certain samples of maltose were used 
as a source of carbon than with others, and attributed 
the favourable effect of some samples to the presence of a 
growth factor which was also present in wheat germ and in 
yeast extract (670, 671). Crystalline thiamin was able to 
replace the extracts of wheat germ or yeast for mycelial 
growth of this fungus. In the presence of 0*1 per cent, 
asparagine, the optimal dose of thiamin was 2-0 y per 100 c.c. 
medium, that is, 56.60 ^ 0.060 ? but this optimal dose varied 
directly with concentration of asparagine. A concentrated 
extract of the spores of Phycomyces added to a synthetic 
medium without any other source of thiamin renders the 
medium suitable for growth of the fungus. If, however, 
spores are allowed to germinate in a thiamin-free culture 
solution, growth stops when the germ-tubes are still quite 
short. An extract of the germ-tubes is then useless as a 
source of the vitamin, showing that the cessation of growth 
of the germ-tubes is due to exhaustion of the vitamin pre¬ 
sent in the spores. Thus Phycomyces is unable to synthesise 
thiamin, and the vitamin present in the spores was ob¬ 
tained from the medium on which the parent culture was 
grown (hi i). 

Many other fungi are now known to require an external 
supply of thiamin for satisfactory growth (iii h). These 
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include certain other members of the Mucoraceae (674), 
most species of Pythium and Phytophthora (632, 639), a 
number of Basidiomycetes (266, 559), certain Ascomycetes 
(266), and certain members of the Fungi Imperfecti, in¬ 
cluding some of the Dermatophytes (532). Species closely 
related to those requiring an external supply of thiamin are 
often able to synthesise the vitamin. Thus, some members 
of the Mucoraceae, in contrast to Phycomyces^ are auto¬ 
trophic for it, while among the smuts Ustilago violacea, 
U* Scabiosae^ Tilletia horrida and T. tritici require an 
external supply, while most other species of Ustilago and 
some species of Tilletia can synthesise it (188, 686). 
Rhizopus nigricans is unique in being adversely influenced 
by an external supply of thiamin (674). 


TABLE 9 

Grouping of Organisms according to their Thiamin Requirements 

After Robbins. 


Organisms 

Thiazole 

Pyrimidine 

Thiazole and \ 
Pyrimidine 

Thiamin 

Group I. 



1 

1 

! -1 

Group II 


— 


: + 

Group III 

— 

-1- 

-)■ 

: 4- 

i 

Group IV 

+ 

1 


4- 

Group V 


No external s 

applies needed. 

4 


Organisms may be placed in five groups according to 
their thiamin requirements (Table 9 ). Many do not need 
an external supply of the vitamin or its components. 
Some fungi require the thiamin molecule as such, e.g. 
Phytophthora spp. (632), while others are able to synthesise 
it from its thiazole and pyrimidine components (Fig. 13 ), 
and grow equally well whether these components or the 
complete vitamin are supplied, e.g. Phycomyces blakes- 
leeanus (63, 638, 673, 693). Others, e.g. Rhodotorula rubra 
(676, 678), Sclerotium rolfsii (639) or Pythium butleri 
(642), require only the pyrimidine component, while yet 
others, e.g. Mucor rammanianus, are able to synthesise 
this component, but need a supply of thiazole. Mucor 
rammanianus and Rhodotorula rubra may be grown in 
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mixed culture in the absence of any added thiamin or any 
of its components, since their synthetic powers are mutually 
complementary (676, 677, 678). M. rammanianus syn¬ 
thesises pyrimidine and the yeast synthesises its thiazole 
component, thus enabling both organisms to form the 
complete thiamin molecule from its components. Thus 
synthesis is a complex process accomplished in more than 
one step (see also Chapter Four, p. 129 ). 

Thiamin also influences the reproduction of many 
fungi. Some grow fairly well, but remain sterile in the ab¬ 
sence of the vitamin (338). Thus the requirements for 
sporulation are higher than those for growth. Fungi with 
moderate powers of synthesis can produce enough for 
vegetative growth, but not enough for sporulation. This 
effect will be considered in greater detail in a later chapter. 

The mechanism of the influence of thiamin on growth 
has been investigated to a greater extent than that of other 
growth-substances. Diphosphothiamin (Fig. 13 ) is the 
co-enzyme of carboxylase, which catalyses the decarboxyla¬ 
tion of pyruvic acid, generally accepted as an essential step 
in fermentation (463, 464). It is established that this vita¬ 
min influences respiration. Thus, tissue cultures from 
vitamin-starved pigeons or rabbits give off less carbon 
dioxide per unit dry weight than do similar tissues from 
normal animals. Similarly, the ratio of carbon dioxide 
evolved per unit dry weight of mycelium of Melanospora 
destruensy Phycomyces blakesleeanus and some other 
fungi increases significantly with increase in concentration 
of this vitamin (342)- Thus, its importance in the metabol¬ 
ism of fungi, as well as of other organisms, and its influence 
on the rate of fermentation of sugar by certain yeasts, is 
readily understood, 

.The so-called "thiazole eSect” shown by Phycomyces 
throws some light on the method of utilisation of thiamin. 
In the presence of small amounts of the pyrimidine com¬ 
ponent, an excess of thiazole gives at least twice the ex¬ 
pected amount of growth. No such effect is seen with 
excess pyrimidine and small amounts of thiazole. It has 
been suggested that, in the utilisation of thiamin, the 
thiazole component is destroyed or inactivated while the 
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pyrimidine is unaltered, and is thus available for recom¬ 
bination with excess thiazole (65, 643). 

The effects of certain substitution products of thiamin 
and its components have been studied (65, 640, 641, 675, 
676, 679). As would be expected, this vitamin shows a high 
degree of specificity of action since it functions as a co¬ 
enzyme. The NHg group attached to position 4 of the 
pyrimidine molecule (see Fig. 13 ) is of primary importance. 
It is known to play an important part in the decarboxyla¬ 
tion of pyruvic acid, and no substitution product of thia- 
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min in which this group has been replaced has any activity 
for any of the organisms studied. 

If the CHg group attached to position two in the pyrimi¬ 
dine molecule in normal or methyl thiamin is replaced by 
CgHg giving ethyl thiamin, the activity for Phycomyces is 
increased by about one-fifth. A similar increase in activity 
for the pigeon has also been demonstrated. 

The second carbon atom of the thiazole molecule is also 
of great importance, since if the H atom attached to this 
position is replaced, the thiazole becomes inactive. 

As might be expected, the pyrophosphoric ester of 
thiamin, with the pyrophosphoric group attached to the 
fifth position of the thiazole molecule, which is known as 
cocarboxylase, is active for Phycomyces and probably for 
other organisms. 

Other substitution products have been shown to be in¬ 
active for Phycomyces and other fungi, although some of 
them have some activity for other organisms, including the 
bacterium Staphylococcus aureus. Inactive compounds in 
which the active form of one component is attached to an 
inactive form of the other can be used by those fungi 
which, like Phycomyces^ are able to synthesise the complete 
vitamin molecule from the appropriate components, pro¬ 
vided that the active form of the second component is 
added separately to the medium. Thus thiochrome, in 
which the active pyrimidine is combined with an inactive 
thiazole, if supplied in conjunction with the active thiazole, 
can replace normal thiamin in the metabolism of Phyco¬ 
myces. The effect of pyrithiamin, in which the pyrimidine 
component is the same as in thiamin while the thiazole is 
replaced by pyridine, has been studied for a number of 
fungi and bacteria (828). Fungi such as Phytophthora 
cinnamomij which require an external supply of thiamin, 
or Phycomyces blakesleeanus^ which is able to synthesise 
this vitamin from the thiazole and pyrimidine components, 
are unable to use pyrithiamin (635). Pythiomorpha gona- 
podyoides^ and a strain of Eridomyces vernalis (827|, 
which are able to synthesise the thiazole but not the pyn- 

^ The genua Pythiomorpha ia now conaidered to be invalid, and P, gonapodyoido$ 
has been identified ynih Phytophthora megasperma ( 54 ). 
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midine component of thiamin, are able to use pyrithiamin. 
Presumably they are able to split off the pyrimidine com¬ 
ponent and join it to the thiazole, which they have syn¬ 
thesised, in order to form thiamin. Pyrithiamin inhibits the 
growth of a number of organisms which normally require 
an external supply of thiamin, but the addition of more 
thiamin counteracts this effect. The mechanism of this 
inhibitory or "antithiamin” effect is not yet understood. 

Some analogues of thiamin or of its components which 
are inactive when used at the normal dosage become active 
if supplied in much larger quantity (as much as 4,500 times 
the usual dose). It is probable that the substitution product 
is then transformed into the normal thiamin by a rather 
slow process involving a number of reactions. Experiments 
on substitution are obviously of great value in indicating 
the mechanism by which growth-substances work. The 
activity of a number of thiazoles and pyrimidines has been 
tabulated by Robbins and Kavanagh (iii h). 


B. Biotin (Vitamin H) 

While by far the greatest number of those fungi unable 
to grow in a vitamin-free synthetic medium respond to the 
addition of thiamin or its components, some are able to 
synthesise this vitamin, but require some other growth- 
substance, while others require one or more such sub¬ 
stances in addition to thiamin. 

Growth of Nematospora gossypii is negligible on a syn¬ 
thetic medium with addition of inositol, biotin or thiamin 
alone, but is good when both inositol and biotin are present 
(404). The addition of thiamin and biotin further increases 
the dry weight of the mycelium (Fig. 14 ). It is therefore 
likely that this fungus is unable to synthesise either inositol 
or biotin, and thus has a complete need for these, while 
it synthesises thiamin but rather slowly, thus showing 
a partial need for this vitamin. It can be readily demon¬ 
strated that this is so by growing N. gossypii on a vitamin- 
free medium in mixed culture with a fungus such as Poly- 
porus adustis, which is able to synthesise biotin and inositol 
but needs an external supply of thiamin. Both fungi are 
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Fig. 14._Effect of Growth-substances on Growth of **Neuatospora 

COSSYPII” (after Kogl and Fries). 

The shaded columns represent the dry weight of mycelium when the growth- 
substances, indicated by letters below, are added to the medium in the amounts 
given in the key. 


then able to grow, showing that, while Nematospora is 
able to use the biotin and inositol synthesised by PolyporuSy 
it in turn synthesises sufficient thiamin for the growth of 
the latter (404). 

Biotin, in external supply, is also necessary for the growth 
of a number of other fungi, including some strains of yeast. 
The "wild type" or parent strains of Neurospora crassa 
and N, sitophila need an external supply, but are able to 
synthesise other essential growth-substances. Mutant 
strains often require additional ones (11 e). Some species of 
Marasmius commonly occurring on the litter under forest 
trees require an external supply of thiamin, while others 
also require biotin, and yet others have a partial need of 
biotin, so that growth in the presence of thiamin is further 
increased by the addition of biotin (447). In contrast Opkio^ 
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bolus graminiSy the fungus causing the take-all disease of 
wheat, makes no growth in the absence of an external 
supply of biotin. Its growth when the latter is present is 
further increased by the addition of thiamin (807, 808). 
Melanospora destruens shows a similar response to these 
vitamins, and, moreover, fails to produce perithecia in the 
presence of biotin alone (338). Both vitamins are needed by 
Collybia dryophila (448), Hypoxylon pruinatum^ Valsa 
pinij Lophodermium pinastri and Melanconium betu^ 
linuniy but growth of the last two is further increased by 
the addition of inositol (266). Species of Ceratostomella 
vary in their vitamin requirements, but a number of them 
need biotin either alone or in various combinations with 
other growth-substances (647). Biotin has no effect on 
certain mycorrhiza-forming agarics in the absence of other 
vitamins, but increases the dry weight when thiamin is 
also present, e.g. the dry weight of mycelium of Russula 
roseolas was increased from 0*7 mg. in vitamin-free media 
to 11*2 mg. in the presence of thiamin and 16*4 mg. when 
both thiamin and biotin were present (504). Inositol was 
more effective than biotin. It is probable that the improved 
growth of many fungi on a synthetic medium solidified 
with agar compared with the same medium without agar 
is not entirely due to the effects of improved aeration (see 
p. 21), but is at least in part due to the presence of traces 
of biotin in the agar. This has been shown to account for 
the improved growth of Fusarium avenaceum on agar 
synthetic media (646). A number of bacteria, including the 
nodule organism Rhizobium leguminosarum, also require, 
or are stimulated by, biotin. 

Biotin is usually isolated in the form of the methyl 
ester, the structure of which is given in Fig. 15 , A. Work 
on the specificity of biotin similar to that on thiamin 
has yielded interesting results. Desthiobiotin (Fig. 15 , b) 
is formed from the biotin methyl ester by the displace¬ 
ment of the sulphur atom in the molecule by two hydrogen 
atoms (206, 207). This compound replaces biotin for 
growth of the yeast Saccharomyces cerevisiacy but cannot 
be used by Lactobacillus casei (441, 445, 446, 508). 
Under some conditions desthiobiotin may have "anti- 
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biotin” effect in the presence of biotin, i.e. it may reduce 
the effect of the latter. The effects of the two substances are 
additive for yeast, and with low concentration of desthio- 
biotin (less than 0*47 X 10*7 molar) the effect on L, easel 
is equal to that of biotin alone, but with higher concentra¬ 
tions the anti-biotin effect comes into play and the effect is 
less than that of biotin alone. Actively growing yeast cells 
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transform desthiobiotin to biotin (which can be proved by 
examining the effect on L, casei). With large amounts of 
the substituted compound, conversion is not complete. 
Resting cells are unable to convert. Thus, by the use of L, 
casei as a test organism it is possible to determine how much 
of the stimulatory effect of a given solution on yeast is due 
to biotin itself. 

Biotin is inactivated by combination with avidin. By the 
examination of nearly related compounds it has been shown 
that the presence of the urea ring is essential for combina¬ 
tion with avidin, and that carboxylic acid side chains 
attached at positions 2 , 6 and 7 can displace biotin from 
the avidin complex and thus free it for use (206). 

Table 10 shows the activity for yeast and L. casei of 
various substitution compounds and substances related to 
biotin. 

The part played by biotin in the metabolism of the fungi 
has yet to be elucidated. 
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c. i-Inositol (Meso-inosite, Bios I) 

This was the first of the bios factors to be identified 
(223). It is readily precipitated by barium hydroxide. It 
differs from thiamin and biotin in being required in rather 
larger quantities, and it is thus doubtful whether it should 
be classed as a true growth-substance. The optimum dosage 
for the growth of Nematospora gossypii is 20 mg. per 100 
c.c. of medium compared with 4 y of thiamin or biotin 
(404) (see Fig. 14 ). Most of the organisms known to 


TABLE 10 

From Dittmer and Du Vigneaud ( 206 ) 


Compound 

i 

Growth- 

promoting 

Activity 

Antibiotin 

Activity 

Combina¬ 
tion with 
Avidin 

YeaU 

L. casei 

YeaH 

L. coiei 

Biotin .... 

X 

100 

% 

100 

None 

None 

1 Yes 

Biotin sulphone 

01 

0 

None 

280 

Yes 

Desthiobiotin 

100 

0 

None 

9.100 

Yes 

Biotin diamino-c&rboxylic acid 

10 

0-01 

None 

None 

No 

Desthiobiotin diamino-carboxy* 






lie acid .... 

10 

0 

None 

None 

No 

Inidazolidone valeric acid 

00017 

0 

None* 

None 

Yes 

Inidazolidone caproic acid 

0 

1 

0 

760,000- 

126,000 

Yes 


^ Expre^ed as molar mhibiting ratio. 


require an external supply of inositol also need some other 
growth-substance or substances. Certain yeasts, N, gossypii, 
and related fungi (404, 687), Melanospora zamme (336), 
Melanconium betulinum, Lophodermium pinastri (266) 
and some species of Ascobolus (336), require inositol in 
addition to biotin or thiamin or both. Other fungi have a 
partial need of inositol, the addition of which causes in¬ 
creased growth (e.g. certain species of Marasmius (447)). 

The part played by inositol in the metabolism of fungi 
is obscure. Respiration of N, gossypii is not influenced by 
concentration of inositol (829), and the comparatively large 
amount required indicates that it functions as an accessory 
food-factor rather than as part of an enzyme or co-enzyme 
system.. Nevertheless, it shows considerable specificity of 
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action, which suggests that it performs a highly specialised 
function in fungal metabolism. Certain isomers of £- 
inositol and other closely similar compounds (c.g. Z- 
inositol, scyllitol, quebrachitol and quercitol) are inactive 
for strains of yeasts which require i-inositol. Other poly¬ 
atomic aliphatic alcohols (e.g. dulcitol, sorbitol or mannitol) 
are also inactive. These substances, together with oxy- 
mytilitol and oxy-iso-mytilitol, are inactive for Rhizopus 
suinus, which responds vigorously to the presence of i- 
inositol (681). Mytilitol has some activity, about a tenth of 


TABLE 11 

Activity of I'Inositol and Related Substances fob Rhizopus suinus 

Data from Sckopfer ( 681 ) 


Substance 


Dose in y per 25 c.c. 
Medium 


Percentaa^ Increase in 
Dry freight of 
Mycelium 


(•inositol . 
Scyllitol . 
^yllitol 
Mytilitol 
Iso'inytilitol 
Oxy*mytilitol 
Oxy-iso*mytilitol 
Quercitol . 
Quebrachitol 


200 

100 

1,000 




300 

100 

100 


+ 67-21 
+ 0-90 

- 7-10 
+ 7-87 
+ 10-16 

- 1-73 
+ 1-32 

No activity 
No activity 


that of i-inositol, for yeast growth, and less for growth of 
Rhizopus, and iso-mytilitol has about one-tenth of the 
activity of i-inositol for the growth of this fungus. (Text 
fig. 16 and Table 11.) The inhibiting effect of thiamin on 
growth of Rhizopus is compensated by the addition of 
inositol. The growth-promoting effect is less marked on an 
ammonium tartrate medium than on an asparagine one. 

D. Riboflavin (Vitamin B,, Lactofiavin) 

Riboflavin is necessary for the growth of certain bacteria, 
including the lactic acid bacteria, but has not been proved 
to be necessary for the growth of yeasts or filamentous 
fungi. Early claims of the activity of this vitamin were 
based on work with crude concentrates, and later work with 
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pure preparations suggests that the stimulatory effects 
were due to other growth-substances, probably thiamin, 
present as impurities in the crude preparation. Slight 
activity was claimed for riboflavin with Aspergillus niger^ 
and the rate of absorption of nitrate was increased in the 
presence of the vitamin (109). Riboflavin forms part of the 
so-called "yellow enzyme,” which acts as a dehydrogenase. 
In view of the essential nature of this vitamin it is likely 
that fungi require it, but that they are normally able to 
synthesise it. Some fungi, notably species of Candida and 
Torulopsis, have been shown to contain it (682, 683, 684), 


TABLE 12 


Vitamin Deficiencies of a Number of Species of ** Ceratostomella** and 

Related Fungi 

Data from Robbins and Ma ( 647 ) 



Deficiency for 

Fungus 





Thiamin 

Pyridoxine 

Biotin 

Ophiostoma catonianum 

Partial 

Complete 

None 

Ceratostomella obscura ^ 

Complete 

1 None 

Complete 

C. pilifera ' . . • ! 

Partial (?) 

Complete 

None 

C. multiannulata^ . . , 

Partial 

Complete 

None 

C. stenoceras . . . , 

Complete 

None 

None 

C. pluriannulata^ . 

Partial 

Complete 

None 

C. penicillata ^ . 

Nearly complete 

Partial (?) 

Complete 

A 

C. microspora 

Nearly complete 

Nearly complete 

Complete 

C. rostrocylindrica . . ! 

None 

None 

None 

Grosmannia serpens 

None 

None 

Complete 

Endoconidiophora paradoxa . 

Complete 

None 

None 

E. coerulescens ' . 

Partial (?) 

None 

None 

£*. adiposa .... 

None 

None 

None 


^ Malt extract further increased growth. 


E. Pyridoxine, Adermin or Vitamin (Bios VII ?) 

This vitamin is necessary for the growth of the lactic acid 
bacteria and of certain yeasts (222). A number of filament¬ 
ous fungi also require an external supply either alone or 
more often as a supplement to thiamin and biotin. Species 
of Ceratostomella or Ophiostoma in particular require 
pyridoxine (267, 269, 647, 683). Table 12 shows the vita¬ 
min requirements of a number of species, and it is clear 
that a mixture of thiamin, biotin and pyridoxine is often 
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better than any one of these vitamins alone or than various 
pairs of these. Growth with some species is even better on 
certain natural media or when other known vitamins and 
mixtures of amino acids are added. 

Mutant strains of Neurospora spp., which lack the power 
of synthesis of pyridoxine, have been obtained by irra¬ 
diation. Experiments with these suggest that this vitamin 
plays a part in the synthesis of thiamin (ii a). 

Pityosporum ovale, which is unable to grow oaa mineral- 
dextrose-asparagine medium, will grow if oleic acid is added. 
Growth is further increased by the addition of either 
pyridoxine or thiamin, but the latter is the more cfTeclive. 
Neither vitamin stimulates growth in the absence of oleic 

acid (34)* 

Since the isolation of pyridoxine is comparatively recent, 
little information on the degree of specificity of this suh- 
stance for fungi or on the part it plays in fungal metabolism 
is as yet available. 

F. Pantothenic Acid 

Pantothenic acid is a widely distributed substance pro¬ 
moting the growth of certain yeasts, but no filamentous 
fungi are known to require it. It was discovered and its 
properties have been investigated by R. J. Williams and his 
collaborators (816). One of its components was found to be 
/9-alaninc, which has itself a growth-promoting effect on 
certain organisms. This is combined with the lactone of 
a-y-dihydroxy-^, ^-dimethyl butyric acid, and thus the 
pantothenic acid molecule has the formula: 

CH2 OH 

HOCH2—C-in-CONH-CHj-CH,-COCH 



Pantothenic acid exists in optically active and optically 
inactive forms. The latter has no activity for yeast growth, 
and the racemic mixture has only half the activity of the 
optically active forms. 

Pantothenic acid in low concentration accelerates the 
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rate of respiration of yeast, and also increases the fermen¬ 
tative activity of cell-free yeast extracts. It is not known 
how this effect is produced, and no further information is 
available of the part played by the acid in yeast metabolism. 

* 

G. Miscellaneous Growth-substances 

Species of Phycomyces will grow in the presence of 
thiamin, but spore germination and early growth are 
accelerated by some other factor present in malt extract. 
This factor has been shown to consist of at least two sub¬ 
stances (Factors and Zg), one of which is replaceable by 
hypoxanthine or by guanine. The chemical properties of 
Factor Z^ more closely resemble those of hypoxanthine 
than those of guanine, and the factor may be identical with 
the former. The nature of Factor is unknown (636, 637, 
644). 

Aspergillus niger and the yeast Saccharomyces cere- 
visiae have been shown to respond to the presence of 
ascorbic acid in the medium, but an extern^ supply of 
this vitamin is not essential for growth (iii i). Cholesterol 
has been reported to be essenti^ for certain yeasts in a 
single instance (194). The fat-soluble vitamins and certain 
substances, such as nicotinic acid, nicotinamide, adenine, 
hemin and pimelic acid, which promote the growth of 
various bacteria, have not been shown to be essential 
ingredients of the medium for the growth of any yeast or 
filamentous fungus, although claims of increased growth 
have been made for some of these organisms as a result of 
the addition of these substances (m i). Nevertheless, certain 
fungi have been shown to synthesise them, and it is there¬ 
fore likely that they play a part in nutrition. These or other 
as yet unidentified growth-substances may be necessary for 
optimum growth of some fungi, since many grow better on 
natural media than on synthetic ones, plus mixtures of all 
the known fungal growth-substances. This indicates the 
probable need for yet other compounds which are present 
in the natural extracts. 

All fungi examined synthesise 3 -indole acetic acid 
(heteroauxin), but no fungus has been proved to need an 
external supply of either this or of auxin a or 6, although 
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some claims have been made that growth of certain fungi 
is increased by one or other of the auxin compounds. 

Some amino acids, in addition to those already men¬ 
tioned, have growth-promoting activity for yeasts (5 52) 

5 5 3 * 554) certain filamentous fungi, although they are 
usually required in larger amount than vitamins, such as 
biotin or thiamin. The presence of other growth-factors, 
in addition to the amino acids, is nearly always essential, 
so that the latter probably do not function as true growth- 
substances. Many of the artificially induced mutant strains 
of Neurospora differ from the parent in their inability to 
synthesise certain amino acids and require an external 
supply of these, but in general the amino acids are required 
for protein synthesis rather than as essential parts of 
enzyme systems. The true growth-substances, on the other 
hand, are probably all associated with vital enzymes or co¬ 
enzymes or are necessary links in the synthesis of these. 

7—THE USE OF FUNGI AS TEST-ORGANISMS IN 

VITAMIN ASSAY 

One of the most valuable technical applications of the 
knowledge of the vitamin requirements of micro-organisms 
has been their use as test-organisms in the estimation of 
these vitamins. The estimation of vitamins by animal¬ 
feeding trials is expensive, cumbersome and often yields 
results only after the lapse of weeks or even months. 
Chemical methods of estimation have been devised, but 
many of these are far from satisfactory. The use of micro¬ 
organisms as test-organisms has many advantages. Results 
are usually obtained quickly, often after only a few hours 
and usually within a week. The apparatus required is less 
cumbersome than that necessary when animals are used. 
Moreover, micro-organisms are usually sensitive to much 
smaller amounts of vitamins than are animals. Hence they 
can be used to detect minute traces in the material to be 
tested. Finally, under controlled conditions the results are 
at least as accurate as those obtained by chemical methods 

of estimation. 

The procedure for the use of a fungus as a test-organism 
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in the estimation of a vitamin is as follows. An organism is 
selected which shows an absolute need for the particular 
vitamin. A curve is then plotted to show the increase in 
growth of the selected fungus with increase in concentra¬ 
tion of the vitamin in the presence of all other essential 
foods and growth-substances. When the amount of the 
vitamin in any particular material is to be estimated, small 
amounts of this material are added to a culture medium 
complete in all other necessary substances. Growth of the 
fungus in the presence of various amounts of the test 
material may then be plotted and compared with the 
standard curve and the amount of the vitamin present in 

the material may be assessed. 

Thiamin is estimated by measuring the growth of Phy- 
comyces blakesleeanus (66, 243, 688,) or the fermentation 
of yeast (3 5 5); a method has been worked out for the use of 
Nematospora gossypii to estimate biotin (648); the same 
fungus may be used to estimate inositol; mutant strains of 
Neurospora sitophila or N. crassa suitable for the estima¬ 
tion of a large range of vitamins and amino acids are avail¬ 
able; similarly, mutant strains of Ceratostomella and 
Ophiostoma may be used, particularly for the estimation of 
pyridoxine, while many strains of yeast are suitable for the 
estimation of various growth-substances. Many other fungi 
are potentially useful in this connection. Some vitamins, 
such as riboflavin, are not at present estimated by the use of 
fungi, since none is known requiring an external supply. 
These, however, may often be estimated by the use of 
suitable bacteria, as in the standard method of estimating 
riboflavin by measuring the growth of certain lactic acid 
bacteria. 

a—THE EFFECT OF CONCENTRATION OF THE 
CONSTITUENTS OF THE MEDIUM 

Certain constituents of the medium, such as the trace 
elements and growth-substances, are required in very small 
amounts. The former are highly toxic in concentrations 
very little above the optimum amount, while excess growth- 
substance also has a deleterious effect on growth. 
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The carbohydrate and other food substances in the 
medium are required in greater amount, but growth is 
inhibited if the concentration is increased above certain 
maximum values. The effects of concentration of the whole 
medium or of the carbon source alone are similar. With 
very low concentrations, growth is of the starvation type, 
with sparse development of hyphae and with scanty 
branching. With increasing concentration growth increases 
and branching of the mycelium becomes more profuse up 
to an optimum value above which it falls off rather sharply. 
The optimum value varies with individual fungi. Some, 
such as certain species of Aspergillus and Penicillium^ or 
yeasts and related filamentous forms, can grow in media 
containing very large amounts of sugar and other dissolved 
substances. Such fungi are troublesome contaminants of 
jams and other preserves with a high sugar content. Other 
fungi, notably certain aquatic species such as Saprolegnia^ 
are inhibited by comparatively low concentrations of dis¬ 
solved substances. It is likely that the maximum concen¬ 
tration of the medium which allows the growth of a particu¬ 
lar fungus is related to the osmotic pressure of the cell sap. 
Thus, when the osmotic pressure of the external solution 
rises above that of the cell sap, the hyphae become plasmo- 
lysed and water is lost from the cytoplasm. With even 
higher osmotic pressure in the medium, the protoplast 
becomes seriously dehydrated. Growth is thus impossible. 
Fungi with watery protoplasm and cell sap would be in¬ 
hibited at a lower concentration of the medium than would 
those with cell sap containing a higher concentration of 
solutes. 

Staling of certain fungi occurs more rapidly on a concen¬ 
trated than on a dilute medium (98). Accumulation of 
staling substances on a concentrated medium is rapid 
owing to the acceleration of growth on such a medium. 

Increase in concentration of the medium or of its carbo¬ 
hydrate constituent may have a greater effect on sporulation 
than on mycelial growth, as will be seen later (p. 134 ). 
Similarly, the ratio of carbon to nitrogen in the medium 
may have a profound effect on the type of growth. The 
formation of sclerotia by Botrytis cinerea is favoured by a 
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high carbon/nitrogen ratio, while the formation of conidia 
is favoured by a relatively low one (580). If the concentra¬ 
tion of the peptone and glucose constituents of glucose- 
peptone agar are varied, the appearance of the cultures is 
greatly altered. With a high concentration of peptone the 
aerial mycelium is greenish-grey, and numerous conidia 
of similar colour are formed. If the concentration of 
peptone is reduced and that of glucose is increased, 
the appearance of the cultures is quite different. The 
mycelium is then white and fluffy, and numerous flat black 
sclerotia are formed at or below the surface of the agar. A 
low carbon/nitrogen ratio has also been shown to favour 
staling of cultures of Fusarium fructigenum and some 
other fungi (p. 65 ). Colour production is also often in¬ 
fluenced by the carbon/nitrogen ratio and by total concen¬ 
tration of the medium (99). 

Variation in the concentration of the phosphate in the 
medium also has a profound effect, since it alters the 
acidity. Some fungi are more sensitive to small changes in 
pH than others, but all are inhibited by very acid or very 
alkaline reactions. The amount of phosphate actually re 
quired for growth is very low, and about 0*175 per cent, of 
potassium phosphate is usually sufficient for all but the 
most vigorously growing forms. Further increases rapidly 
lead to toxic acidity or alkalinity according to which of the 
three potassium phosphates is used. Mutation is sometimes 
induced by high concentration of phosphate.^ 

Both the concentrations of individual mineral salts and 
the ratio between them are important. The proportions in 
which these are given are roughly the same in the various 
synthetic media used. Fungi grow best in a '^balanced 
medium,” that is, one containing the various mineral 
constituents in suitable proportions. Excess of any one of 
these tends to depress growth (597, 598). The nitrogen 
source is best supplied in slightly greater quantity, and the 
carbon source is required in even greater amount owing to 
loss of carbon as carbon dioxide of respiration. 

Thus by various modifications it is usually possible to 
devise a medium suited to the needs of a particular fungus. 

^ Hawker, unpublished data. 
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Some fungi, however, grow better on a natural medium than 
on any combination of food substances, trace elements and 
growth-substances. Such a fungus may merely be unable to 
synthesise certain unknown compounds which are present 
in the natural media, and which, if added to a synthetic one, 
would make it suitable for growth. As more growth-sub¬ 
stances are discovered, synthetic media will be made more 
suitable to support maximum growth of fungi which at 
present grow best in natural media. The value of the latter, 
however, is not entirely due to the presence of complex 
organic growth-substances or of trace elements. The carbo¬ 
hydrate and the nitrogen sources in such media are usually 
relatively complex, and many fungi break these down at 
such a rate that the concentration of available food-stuff, 
such as hexose sugars and amino acids, remains at a more 
or less constant level over a relatively long period. This may 
be more favourable to growth than a high initial concen¬ 
tration of such substances. Synthetic media containing di- 
or polysaccharides and certain organic nitrogenous com¬ 
pounds are more favourable for the growth of some fungi 
than those containing hexose sugars or simple nitrogenous 
compounds. Thus asparagine and aspartic acid are more 
suitable sources of nitrogen than the amino acid, ^-alanine, 
for growth of Nematospora gossypii, indicating that this 
amino acid is most effective when produced continuously 
at a concentration at or near the optimum for growth { 121 ). 
This quality of natural media influences sporulation of 
certain fungi even more strikingly (p. 140). In their natural 
habitats, fungi are much more likely to meet relatively 
complex food materials than supplies of pure hexose sugars 
or simple nitrogenous compounds. For example, the wood- 
destroying fungi break down the cellulose and lignin of the 
wood, soil fungi live on the complex materials contained 
in dead organic matter, and all parasites derive their food 
from relatively complex organic materials. Most of these 
grow better on their natural substrate than in culture, and 
when they are culturable they often require a relatively 
complex medium. Little is known of the nutritional re¬ 
quirements of the obligate parasites which have never been 
grown outside the host plant. If failure to grow them 
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saprophytically is due to the absence in the media of some 
substance or substances present in the host, then these 
must be of a particularly unstable nature so that they are 
inactivated immediately on the death of the host. Possibly 
obligate parasites obtain from the host some highly un¬ 
stable enzyme complex, possibly of the nature of an oxi¬ 
dase, which they themselves are unable to synthesise. The 
problem is one of great difficulty, but also of great interest 
and practical importance. 

Meanwhile, we may summarise the characteristics of a 
good medium for the culture of the majority of fungi as 
follows. It must contain all the essential food elements, 
carbohydrate or other suitable source of carbon, a nitro¬ 
genous compound of the degree of complexity required by 
the particular fungus to be cultivated, and salts to supply 
the essential minerals, usually potassium, phosphorus, 
magnesium and sulphur, but sometimes traces of other 
elements as well. These must all be supplied in the proper 
proportions, which must be determined by experiment. 
Further, any essential growth-substances which the particu¬ 
lar fungus is unable to synthesise must also be supplied. 
The concentration of the medium must be sufficient to 
permit good growth, but must not be high enough to allow 
osmotic factors to inhibit growth. Those substances which 
lead to rapid staling of the medium should be avoided as 
far as possible. Finally, the medium should be the simplest, 
and therefore the easiest to prepare, which will conform 
with the requirements listed above. 
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Chapter Four 


RESPIRATION, FERMENTATION 
AND METABOLIC PRODUCTS 

1 The Carbon Balance-sheet — 2 Respirationy involving the Produc- 
tion of Carbon Dioxide — 3 The Synthetic Powers of Yefist and 
Moulds 

In the last chapter the nutritional requirements of the 
fungi were considered, and it was concluded that they all 
needed a large supply of water together with a relatively 
large amount of carbohydrate or other suitable source of 
carbon, and smaller amounts of compounds containing 
nitrogen, potassium, phosphorus, magnesium and sulphur. 
In addition, certain heavy metals are required in very 
minute quantities, and some fungi also need an externd 
supply of one or more growth-substances or vitamins. Thus 
the nutritional requirements of the fungi are known fairly 
thoroughly. Of recent years increasing attention has been 
paid to the fate of these food substances, and to the mechan¬ 
ism by which they are broken down to yield energy and 
materials for the formation of the complex fungal thallus, 

1—THE CARBON BALANCE-SHEET 

All fungi are dependent upon carbohydrates or other 
complex carbon compounds as a source of energy. Conse¬ 
quently, as we have seen (p. 53), these substances are 
required in relatively large amounts. They are usually 
utilised by the fungus more rapidly than are the other 
constituents of the medium. Table 13 shows the rate of 
removal of glucose from a synthetic medium by various 
fungi. While fungal mycelia usually contain about 50 per 
cent, carbon, and occasionally as much as 62 per cent., on 
a dry-weight basis, this is by no means sufficient to account 
for the carbohydrate broken down. The fate of the carhon 
in the medium was studied by Raistrick and his co¬ 
ld 
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TABLE 13 

Rate of Removal of Glucose from the Medium by Fungi at Room 

Temperature 


Fungu3 

Medium 

1 

1 

Per cent. 

Glucose 

• 

in 

Original 

AJedium 

1 

1 

Days after 
Inoculo' 
tion 

Residual 
per cent. 
Glucose 
in 

Medium 

Melanospora 

Glucose-salts -\- 


1 1 

1 

1 


destruens ($ 57 ) 

growth-substances 

50 

5 

484 

t* 

' 99 99 

50 

11 

4-28 

tt 

99 99 

50 

15 

3-44 

>9 

99 99 

50 

22 

2-75 

99 99 

1 

99 99 

0-5 

1 5 

0-48 

99 99 

91 99 

0-5 

11 

0-22 

91 99 

99 99 

0-5 

15 

0009 

99 99 

Rhixopus suinus ( 489 ) 

99 99 

Glucose-asparagine- 

salts 

0-5 

1 

22 

000 

0-5 

4 

0'25 

99 99 

99 99 

0-5 

6 

Trace 

99 99 

Chaetomium 

99 99 

Czapek-Dox 

0-5 

9 

000 

funicola ( 690 ) 

(glucose-salts) 

5-64 

3 

5-33 

99 99 

99 99 

5-64 , 

7 

501 

99 99 

99 99 

5-64 

11 

4-52 

99 99 

99 99 

i 5-64 

18 

416 

19 99 

99 99 

' 5-64 

1 

26 

2-88 

19 99 

99 99 

5-64 

33 

2-58 


workers (iv n) and later by other investigators for a large 
number of fungi by the carbon balance-sheet method. 
This method assesses the amounts of carbon (a) in the 
mycelium, (b) released as carbon dioxide, and (c) remaining 
in the medium either as unaltered residues or in the form 
of various types of metabolic organic compounds. Raistrick 
concluded that by far the greater number of fungi produce 
mycelium and carbon dioxide only, so that the ultimate 
fate of the original carbon in the medium is easily followed. 
A number of others, notably the yeasts and species of 
Fusarium ( 12 ), produce ethyl alcohol, often in relatively 
large quantities. A smaller number, including many 
species of Aspergillus and Penicillium^ regularly produce 
various organic acids such as oxalic, citric, d-gluconic, 
fumaric, malic or succinic acid. Mannitol is also produced 
in quantity by some. These may all be considered to be 
breakdown products of carbohydrates. 
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In addition, certain fungal species synthesise substances 
which are more complex than the original carbon com¬ 
pound (usually glucose) supplied in the medium. These 
include polysaccharides, fats and certain fatty acids and 
phenolic compounds including certain dyes. Many of these 
substances are of potential or actual economic value. 
Some moulds and actinomycetes synthesise antibiotic 
substances such as penicillin (produced by Penicillium 
notatum and some allied species) which inhibit the growth 
of other micro-organisms. The specificity of such mould 
products is very striking, and probably only a compara¬ 
tively small proportion of fungal species possess these 
remarkable powers of synthesis. Very many fungi, how¬ 
ever, are able to synthesise complex growth-substances and 
enzyme systems from the comparatively simple ingredients 
of a synthetic medium. 

Our present knowledge of the mechanisms by which 
glucose or other carbon compounds are utilised to build 
up the mycelium and to produce carbon dioxide and the 
numerous organic compounds found in the used medium 
is far from complete. Nevertheless, some parts of the 
process are now fairly well understood. 


2—RESPIRATION, INVOLVING THE PRODUCTION OF 

CARBON DIOXIDE 

Normally a large part of the carbon content of the carbo¬ 
hydrate or other carbon source in the original medium 
ultimately passes into the atmosphere as carbon dioxide. 
The process by which carbohydrates are broken down with 
the release of energy is characteristic of living cells. 
Usually it involves the intake of oxygen and the evolution 
of carbon dioxide. The term respiration was first used to 
denote this exchange of gases.Later, however, it was realised 
that the most important part of the process is the release of 
energy, and that under certain conditions some organisms 
are able to break down organic substances and obtain the 
necessary energy for chemical syntheses by processes which 
do not involve the simple exchange of oxygen and carbon 
dioxide. The term respiration now covers any process 
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involving the release of energy from substances present in 
the living cell. 

Fungi are probably all obligate aerobes, that is, they are 
unable to grow in the complete absence of oxygen, al¬ 
though the minimum concentration of the gas which will 
permit satisfactory growth may be very low. Thus the 
normal respiration of fungi is aerobic and involves the in¬ 
take of oxygen and evolution of carbon dioxide. Fungi and 
bacteria are the most actively respiring organisms known, 
that is, they give off more carbon dioxide per unit weight 
than do other organisms, including the higher plants. 
Hence the necessity for the relatively large amounts of 
carbohydrate or other carbon compounds which must be 
supplied for satisfactory growth of most fungi. In aerobic 
respiration the bulk of the carbohydrate supplied is usually 
completely broken down to carbon dioxide and water. 
Where the source of energy is hexose sugar, the process 
may be represented by the general formula: 

CjHijOg -|- 6 O 2 = 6 CO 2 + 6 H 2 O + 674 Calories. 

The process, however, is a complex one which proceeds by 
a number of definite stages. 

Certain bacteria are obligate anaerobes, and are unable 
to grow in the presence of oxygen. Others are facultative 
anaerobes, and are able to grow whether oxygen is present 
or not. In the absence of oxygen the end-products of res¬ 
piration of such organisms are not simply carbon dioxide 
and water, but include other substances produced from the 
original substrate which is thus not complettjy oxidised. 
Most higher plants and fungi are unable to grow in the 
absence of oxygen, but may continue to respire. The end- 
products of this anaerobic respiration are frequently ethyl 
alcohol and carbon dioxide. The process may be repre¬ 
sented by the general formula: 

CeHi 206 = 2 C 2 H 5 OH -|- 2 CO 2 + 26 Calories. 

This incomplete breakdown of carbohydrate yields less 
energy than the complete oxidation characteristic of aerobic 
respiration. Thus the complete breakdown of glucose yields 
674 Calories per gram-molecule of sugar, while in anaerobic 
respiration a similar amount of sugar yields only 26 Calories. 
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Chemical changes or decomposition brought about in 
organic substrates through the activity of micro-organisms 
are known as fermentations. This term was originally 
limited to the production of alcohol from sugar by yeasts 
and other organisms (alcoholic fermentation), but is now 
used in a much wider sense. Alcoholic fermentation is an 
anaerobic process which closely resembles and is perhaps 
identical with anaerobic respiration. Other fermentations 
may be aerobic, such as the production of citric acid by 
Aspergillus niger and other fungi. Butyl-alcohol, lactic 
acid, acetic acid and oxalic acid are other products of 
particular fermentation processes. These all represent an 
uneconomic use of sugar which is incompletely oxidised 
and thus does not yield the maximum amount of energy, 

A. Methods of Measuring Respiration and Fermenta¬ 
tion OF Fungi 

Respiration and fermentation in moulds and yeasts are 
usually measured by methods similar to those used with 
other living organisms, but adapted to meet the particular 
problems involved in the handling of pure cultures. Since 
both filamentous and sprout mycelia may be grown on 
media of known composition, the fungi are particularly 
suitable subjects for respiration studies. 

There are three main methods of measuring respiration 
and fermentation. (1) Intake of oxygen may be measured 
by manometric methods, (2) Evolution of carbon dioxide 
may be measured by passing a stream of air free of this gas 
over the culture and then into a vessel containing a solu¬ 
tion of some substance, such as caustic soda, capable of 
absorbing carbon dioxide. The solution is then titrated 
and the amount of carbon dioxide given off by the fungus 
is estimated. (3) The accumulation of end-products is 
estimated in the measurement of the various fermenta¬ 
tions. A fourth method, based on the rate of disappearance 
of carbohydrate from the medium, is sometimes used, but 
is of little value, since there is no direct correlation with 
rate of respiration on different substrates. The results are 
usually expressed as amount of oxygen taken in or of 
carbon dioxide evolved per unit dry weight of mycelium. 
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Since dry weight does not always give a measure of the 
amount of actively respiring protoplasm present, this 
method is open to objection, and it is theoretically better to 
base results on the protein content of the mycelium. This, 
however, is a much more laborious method and, provided 
only young mycelium is used, the dry-weight method is to 
be preferred for its ease of manipulation and for its greater 
accuracy- 

Details of methods of measurement of respiration rate 
need not be given here, since they will be found in most 
standard text-books on plant physiology, while the special 
adaptation of them for work with yeasts and moulds is 
fully described in various original papers to which reference 
is given. 

B. The Effect of Environmental Conditions on Res¬ 
piration AND Fermentation 

(i) Nature of Substrate. The carbohydrate or other 
carbon compound which is broken down during respiration 
and which thus provides the essential energy for growth is 
termed the respiratory substrate. Most organic substances 
which are used or removed from the medium by a vigor¬ 
ously growing organism also function as respiratory sub¬ 
strates. A few, such as certain organic acids and alcohols 
(ill j), are used for respiration by certain fungi, but do not 
support growth. 

The hexose sugars, glucose, fructose and mannose, are 
suitable substrates for the respiration of most fungi and 
for alcoholic fermentation. Since all yeasts known to fer¬ 
ment glucose also ferment fructose and mannose, it has 
been suggested that the common enolic form of these 
sugars is of importance (i 5 ). Pentoses also provide a suitable 
substrate for some fungi, e.g. Fusarium Uni ( 805 ). More 
complex carbohydrates (di-, tri- and polysaccharides) are 
suitable if the organism concerned is able to synthesise the 
necessary hydrolytic enzymes. It is well known that the 
yeasts used in the commercial production of alcohol are 
unable to make use of a starchy substrate unless this is 
first hydrolysed to glucose. 

The respiratory index (that is, the ratio of amount of 
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carbon dioxide evolved to dry weight of respiring mycelium) 
may vary widely for the same fungus with different carbo¬ 
hydrates. Thus Melanospora destruens and certain strains 
of Sordaria^ respire much more rapidly on a sucrose 
medium than on a glucose or fructose one. The respiratory 
indices for M. destruens with a variety of carbohydrates as 
substrate are given in Table 14. Similarly, trehalose and 
starch are respired more rapidly than glucose by Fusarium 
Uni ( 565 ) and F. fructigenum { 99 ) respectively. This rapid 
rate of respiration on certain relatively complex carbo¬ 
hydrates may be a result of a rate of hydrolysis by the 
organism, concerned giving a favourable concentration of 
hexoses over a relatively long period. Such a maintenance 
of a low concentration of hexoses when the sugar originally 
supplied was sucrose has been demonstrated for M, 
destruens ( 537 )- 


TABLE 14 

Respiratory Indices (Mg. CO* respired per Gramme Dry Weight of Myceuum 
IN One Hour) of ** Melanospora destruens** with.Different Sources of 
Carbon • 

Hawker^ unpublished data 


Source of Carbon 
Glucose 

• 

• 


• 


R.L 

. 1200 

Fructose . 

« 

• 

• 

* 

• 

. 11*97 

Sucrose 

• 

• 

• 

• 

• 

. 20*80 

Maltose 

• 

• 

• 

« 


. 22*04 

Lactose 

• 

• 

• 

« 


. 31*90 

Raffinose . 

• 

• 

• 

• 

• 

. 23*01 

Starch 

• 

• 

• 

♦ 

• 

. 25*35 

Glycogen . 

• 

« 

• 

• 


. 15*03 


* Basic medium: KNO#, 3*5 g.; KHjPO*, 1’75 g 
2 g. (dry weight); distilled water, 1 litre. 


; MgSO*, 0*75 g.; lentil extract. 


A comparison of the amounts of carbon dioxide evolved 
and the amount of glucose removed from the medium by a 
number of fungi isolated from rotting sweet potatoes (529) 
showed that there was no close correlation. With some of 
these fungi part of the sugar removed was incompletely 
oxidised to alcohol or various organic acids. Thus it is clear 
that even under aerobic conditions carbohydrates are not 
invariably completely oxidised. 

1 Unpublished experiments by the author. 
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Fats are used as substrataes for respiration by certain 
fungi, such as Phycomyces blakesleeanus, but the mechan¬ 
ism by which they are utilised is obscure. Proteins are 
probably used only when no more suitable substrate, such 
as carbohydrate or fats, is available. Aspergillus nigery 
however, is able to use peptone. It is probable that this is 
first hydrolysed to amino acids, which, after deamination, 
are then used as the respiratory substrate. 

Tartaric acid, quinic acid (408), lactic acid, glycerol and 
mannite (iv r) are also readily respired by A. niger. Citric 
acid, however, which under certain circumstances is readily 
produced by this fungus, is a relatively poor source of car¬ 
bon for its respiration (35). When supplied to a starved 
mycelium it does not increase the rate of respiration. 

When the substrate is carbohydrate and is completely 
oxidised to carbon dioxide, the respiratory quotient or 

TABLE 15 

Effect of Substrate on Respiration 


1 

Fungus 

Respiratory 

Substrate 

Respiratory 

Quotient 

Aspergillus niger ( 602 ) 

10 per cent, glucose 

i M7-M9 

Aspergillus niger .... 

10 per cent, sucrose 

105-109 

Aspergillus nieer .... 

10 per cent. rafEnose 

090-093 

Phycomyces Biakesleeanus {M) . 

Bread 

099-121 

Phycomyces Blakesleeanus . 

Linseed 

0-66-0-75 

Melanospora destruens ( 542 ) 

5 per cent, glucose 

Approx. 10 


R.Q. (the ratio of the volume of carbon dioxide evolved 
to the volume of oxygen taken in) is approximately unity. 
With incomplete oxidation or with different substances as 
the original substrate this ratio may be greater or less than 
unity. The respiratory quotients obtained for certain fungi 
on various substrates are given in Table 15 . 

A low respiratory quotient is to be expected with a tatty 
substrate such as linseed, since complete oxidation of fats 
involves the utilisation of more than one molecule of 
oxygen for every one of carbon dioxide produced. 

The respiratory quotient of Aspergillus niger grown in 
Czapek’s solution (55) is at first greater than one, probably 
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as a result of the conversion of the oxygen-rich glucose and 
nitrate into oxygen-poor substances such as proteins and 
lipoids. It then falls to unity, at which value it is maintained 
by the mature mycelium for some time, not only while free 
glucose is still available in the mycelium, but also during 
the starvation period when the glucose is exhausted. The 
respiratory substrate is then probably the reserves of 
glycogen in the hyphae. It is unlikely that the proteins of 
the cells are being utilised, since the respiratory quotient 
would then be expected to be much less than unity. If citric 
acid is added to the medium the respiratory quotient rises 
above unity, attaining a maximum value of 1 ‘ 75 . This is 
higher than would be expected from the oxidation of citric 
acid, and suggests that the acid is being converted into 
more reduced substances. 

(ii) Concentration of Substrate. Concentration of the 
substrate has a marked effect on the intensity of respiration 
of fungi (407, 485). In general, with various sugars as sub¬ 
strate the intensity of respiration increases with increase in 
concentration of sugar up to a point where osmotic factors 
are inhibiting. 

(iii) Starvation. A number of investigators (35, 408) have 
examined the effect of starvation on the intensity of respira¬ 
tion of various fungi. With media containing an initial 
supply of glucose or other suitable substrate, the total 
amount of carbon dioxide evolved in unit time rises 
steeply after inoculation, and continues to rise until the 
sugar is exhausted or considerably depleted, when it falls 
to a low level, at which it is usually maintained for some 
time (Fig. 17 ). If a fresh supply of sugar is added to starved 
cultures of A. niger^ the evolution of carbon dioxide 
again increases, and it is concluded as mentioned above, 
that the starvation rate has been maintained at the 
expense of glycogen, which can be shown to be present in 
the hyphae and which was presumably stored during the 
preceding period of adequate nutrition. The fact that the 
respiratory quotient is near unity in the starved mycelium 
supports this view. Presumably, if the starvation condition 
were maintained long enough for the stored glycogen to be 
exhausted, the protein reserves would be used and finally 
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Fic. n.— Epfect op Starvation on Respiration of "Aspergillus nicer" 

(after Bennet-Clark and La Touche). 

Inoculation of Czapek’s (glucose-salts) medium with A. niger is followed by a 
rapid increase in CO| given off with growth of the colony. The nutrient medium was 
replaced by water after 180 hours as indicated by arrow at W. Production of CO, 
fell rapidly to a low level, at which it remained more or less constant. At N (6^ hours) 
the nutrient medium waa replaced and CO, production increased to the former 
high level. 


respiration would cease when autolysis of the hyphae had 
set in. Once autolysis had taken place, no addition of nu¬ 
trients would be likely to restore the respiration rate. 

(iv) Age of Mycelium, It is probable that the intensity of 
respiration is also greatest in actively growing mycelium, 
since the percentage of active cytoplasm present is greater 
in young hyphae than in older ones. Older hyphae become 
vacuolate and finally empty of granular contents. Results 
with Melanospora destruens and certain related fungi 
support this view.^ Similar results have also been obtained 
for A. niger (407, 551). 

(v) Growth-substances, There is an extensive bterature 
relating to the stimulatory effect of various known and un¬ 
known growth-substances on rate of respiration and 
alcoholic fermentation. The evolution of carbon dioxide 


^ Unpublished experiments by the author. 
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by yeast under both aerobic and anaerobic conditions is 
increased by the presence of certain bacteria (lo) or of 
species of Penicillium (164), both of which are known to 
synthesise a number of growth-substances. A similar in¬ 
crease follows the addition to the medium of crude "Bios” 
in the form of various fractions of yeast extract (161), or 
of malt combings (246)), Nielsen’s growth substance B 
(Rhizopin) {549), pantothenic acid (596) or thiamin (246). 
Crude extracts which stimulate respiration may be fraction¬ 
ated into factors which influence growth and others which 
stimulate respiration (562). Rate of respiration of Melano- 
spora destruens and Phycomyces blakesleeanus is greatly 
increased by the addition of thiamin to the medium (542). 
This vitamin actually causes the dry weight of Rhizopus 
suinus to decrease while, at the same time, the amount of 
carbon dioxide evolved increases (680). 

Since many of these growth-substances are known to act 
as, or form part of, various co-enzymes, it is not surprising 
that they stimulate respiration. Thus thiamin enters into 
the composition of co-carboxylase, which is an essential 
part of the carboxylase system. This, as we shall see later, 
catalyses the decarboxylation of pyruvic acid, considered 
to be a vital step in the oxidation of sugar. 

(vi) Other Substances in the Medium, Various sub¬ 
stances added to the medium may increase, reduce or even 
totally inhibit respiration or fermentation. The eflFect of 
such substances is of great value in the study of the 
mechanism involved. Thus, small amounts of zinc sul¬ 
phate, ferric chloride and manganese chloride, added to 
cultures of Aspergillus niger^ increase the evolution of 
carbon dioxide by 15-38 per cent. (407). This effect may 
be due to the addition of the trace elements zinc, iron and 
manganese, which, as already stated, play a part in certain 
enzyme mechanisms. 

In contrast, various compounds of zinc, mercury and 
silver, as well as some antibiotic substances, reduce the 
rate of respiration of certain dermatophytes (546), Dyes 
influence respiration of yeasts in various ways. Some in¬ 
crease oxygen consumption without inhibiting fermen¬ 
tation, others inhibit fermentation by destruction of en- 
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zymes, and yet others, such as brilliant alizarin blue (513), 
inhibit aerobic respiration by preventing tlje formation of 
hexose-diphosphate, which is usually thought to be an 
essential step. 

Growth of Fusarium graminaceurn (177, 178) is in¬ 
creased by the presence of cyanide, but enzyme activity, 
including the process of respiration, is uninfluenced. 

Phosphates have long been known to increase the rate of 
fermentation of sugar by a cell-free yeast extract, but do 
not influence fermentation by living cells (323, 324). The 
possible significance of this will be considered later. 

(vii) Temperature, Temperature has a great effect on 
respiration. Numerous data on the effect of temperature 
on respiration of the green plant are available, but less is 
known of the effect on respiration of fungi. Respiration rate 
usually reaches a maximum at the temperature optimal for 
mycelial growth which, with most fungi, is 20 - 25 ° C. 
That of the lichens Peltigera canina and P. polydactyla 
increases with increase in temperature over the range of 

10-30° C. (707). 

(viii) Radiation, The evidence relating to the effect of 
radiation on respiration and fermentation is conflicting. 
Most investigators agree that visible light rays have little 
effect on the respiration of fungi (186, 468, 494). There is 
some evidence, however, that light may retard fermentation 
by yeast cells (469). Ultra-violet rays of sub-lethal inten¬ 
sity markedly accelerate fermentation (453). Results 
with X-rays are conflicting (669, 803). 

(ix) Aeration. The concentration of oxygen present 
determines whether normal or anaerobic respiration shall 
take place. In the absence of oxygen the evolution of 
carbon dioxide is much less than under aerobic conditions. 
When culture flasks of Aspergillus niger are evacuated 
and the atmosphere is replaced by nitrogen, the evolution 
of carbon dioxide falls sharply (Fig. 17 ), but does not 
altogether cease (765), indicating that an anaerobic form 
of respiration (involving an uneconomic use of sugar 
through its incomplete oxidation) is replacing the normal 
process. A return to aerobic conditions leads to a rise to 
the normal rate of evolution of carbon dioxide. 
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Ionised air (that is, air that has become ionised through 
radio-activity) is said to have a marked influence on the 
rate of respiration of higher plants, but does not influence 
that of the either Polyporus destructor or species of Phy- 
comyces (187). 

(x) Water Content of Mycelium, Water is essential to 
all life processes and respiration rate falls if the water 
content of the respiring cells falls below a certain value. 
Desiccated but living lichens respire at a low level, which 
is increased if the water content is raised to about 60 per 
cent, (calculated on the basis of the dry weight of the 
thallus), and continues to increase with increase in water 
content up to about 200 per cent., above which it falls off 
slightly. This fall is presumably due to the interference of 
a surface film of water with gaseous exchange (263, 386, 
707). Since in the lichens examined {Peltigera canina^ P, 
polydactyla and Parmelia physoides) the fungus is the 
dominant partner, these results must, in large part, be due 
to the respiration of the fungus. 

(c) The Breakdown of Carbohydrate 

Owing to the economic importance of the process, 
alcoholic fermentation of sugars by yeasts and other micro¬ 
organisms has been studied in considerable detail, and 
several theories have been elaborated to account for the 
production of ethyl alcohol. Our knowledge of the mechan¬ 
ism of aerobic respiration, however, is largely the result of 
studies on higher plants, and little is known of the process 
in fungi. 

The evidence for assuming that alcoholic fermentation 
and anaerobic respiration are the same or at least closely 
similar processes is convincing. Hexose sugars are favour¬ 
able substrates for both processes. It is probable that more 
complex carbohydrates are hydrolysed to hexoses before 
utilisation, although there is some evidence that some of 
these may be fermented directly by some strains of yeast 
(428), certain filamentous fungi and some bacteria. 

The end products, ethyl alcohol and carbon dioxide, of 
the two processes are also identical. Acetaldehyde is an 
intermediate substance in both. 
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The en^me complex zymase, which catalyses alcoholic 
fermentation, is now known to be normally present in 
many plant cells. Hence evidence obtained from the study 
of the mechanism of fermentation is of great value in the 
interpretation of anaerobic respiration. The connection 
between the latter and aerobic respiration is less clear. 

Pfeifer’s theory, as supported by Kostychev (409, 410) 
and by Stiles and Leach (iv q), suggests that both the 
aerobic and the anaerobic processes have common initial 
stages leading to the production of similar labile inter¬ 
mediate products, probably including acetaldehyde. Later 
stages depend upon the presence or absence of oxygen. 


HEXOSE SUGAR 

/ \ 

LABILE INTERMEDIATE PRODUCTS 

(probably including acetaldehyde) 

/ \ 

m presence of^xygen in absence of oxygen 

CARBON DIOXIDE AND WATER CARBON DIOXIDE AND ETHYL 

ALCOHOL 

Fig. 18,—Pfeffer’s Theory of Respiration. 

As supported by Kostychev and Stiles and Leach. 


Evidence of the stages by which the process of alcoholic 
fermentation proceeds has been obtained by a variety of 
methods, from comparison with the related process of the 
formation of lactic acid by muscle extracts, by experiments 
with cell-free extracts of yeast (which avoid the difficulty of 
the isolation of intermediates from living cells), by fixation 
of certain intermediates through the addition of suitable 
substances to the fermenting solution, by the use of selec¬ 
tive poisons which inhibit particular enzymes, by fractiona¬ 
tion of the fermenting solution (by dialysis or other methods) 
and by the study of the rate of fermentation of suspected 
intermediates. 

Early investigations in which yeast juice was used instead 
of living cells showed that the rate of fermentation was 
increased temporarily by the addition of phosphates to 
the fermenting solution (323, 324). The phosphate ion dis- 
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appeared and the amount of organically bound phosphorus 
increased. The phosphoric ester, fructofuranose 1 : 6 
diphosphate (hexose diphosphate) was isolated from such 
a preparation. Further, if this ester were added to the fer¬ 
menting system, alcohol and carbon dioxide were produced 
in the quantities yhich might be expected if the ester were 
completely utilised. This suggested that it was an inter¬ 
mediate substance in the formation of alcohol and carbon 
dioxide from glucose. It is unlikely that the glucose mole¬ 
cule would be directly transformed into hexose diphosphate 
without any intervening steps. Later hexose monophos¬ 
phate which consisted of a mixture of glucopyranose 6- 
phosphate and fructofuranose 6-phosphate, the "Robison 
ester,” was isolated from a fermenting mixture (653). 

It is now generally agreed that phosphorylation of 
hexoses takes place through the action of suitable enzymes 
on adenosine triphosphate, which acts as a donor of the 
— H2PO3 radical, yielding hexose phosphate and adenosine 
diphosphate (adenylic acid). This action is catalysed by 
certain magnesium compounds and releases a considerable 
amount of energy. 

It is likely that the first phosphoric ester to be formed is 
glucose 1-phosphate and that this is rapidly changed to 
glucose 6-phosphate by the action of the enzyme phos- 
phoglucomutase. Fructo-furanose 6-phosphate is then 
formed from some of the glucose 6-phosphate (Fig, 19 ). 
A further phosphorylation then gives the diphosphoric 
ester, fructose diphosphate. This ester is formed whether 
the original substrate is glucose, fructose or mannose. 

The addition of inorganic phosphate to suspensions of 
living cells does not increase the rate of fermentation 
(323, 324). The production of phosphoric esters by living 
yeast cells has been demonstrated (474, 475), although 
it has been suggested that sugar breakdown need not 
proceed by way of phosphorylation (560, 561). The 
accumulation of organic phosphorus compounds in the 
mycelium of various filamentous fungi, e.g. Aspergillus 
niger (487), Rhizopus suinus (489), Chaetomium funicola 
(691) and Fusarium spp. (295), has also been demonstrated. 
It is assumed that with the more rapid fermentation carried 
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Fig. 19.—Phosphorylation of Glucose. 
(After Bell FVa. For explanation see text.) 
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on by living cells, compared with that of cell-free extracts, 
the phosphoric esters are broken down to produce the next 
intermediate products and the phosphate then again be¬ 
comes available to phosphorylise more glucose. This is a 
continuous process until all the glucose is exhausted. 

The structure of fructofuranose-l : 6-diphosphate is 
such that it is likely to be readily split into two molecules, 
each containing three carbon molecules in a chain (trioses). 
The production of trioses from the hexose glucose has been 
termed ^'triosis.” The nature of these triose substances is 
not known with certainty. Neuberg (544) concluded that 
the most likely substance was methyl glyoxal, but more 
recent theories suggest that substances such as phospho- 
glyceraldehyde or phosphodihydroxyacetone are more 
likely to be formed from hexose diphosphate. 

By the use of "inhibitors,” that is substances which, when 
added to the fermenting mixture, inhibit the action of one 
of the enzymes responsible for the various stages of the 
process, the fermentation can be blocked at a particular 
stage. Intermediate products then accumulate, since they 
are no longer transformed into the products of the next 
stage. 

If sodium sulphite is added to a fermenting yeast culture, 
no alcohol is formed. Carbon dioxide is still produced, 
but glycerol and a bisulphite compound of acetaldehyde 
accumulate. This method is used to produce glycerol on a 
commercial scale. Thus acetaldehyde is suggested as a 
precursor of alcohol. If this substance is added to an 
actively fermenting yeast culture, it is rapidly reduced to 
ethyl alcohol, but the bisulphite compound no longer 
possesses a free carboxyl group and thus is not reduced. 
Hence the accumulation of this compound on the addition 
of sulphite. Similarly, acetaldehyde is used as a source of 
carbon for the production of alcohol by Fusarium Uni 
(806), and its presence has been demonstrated in cultures 
of both yeasts and moulds. 

If acetaldehyde is accepted as an intermediate in alco¬ 
holic fermentation, one must consider what substance 
could precede it and yield the aldehyde and carbon dioxide. 
The enzyme carboxylase which is invariably present in 
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yeast and has also been demonstrated in certain moulds is 
able to act on 2-ketonic acids of the general formula: 


Ri 

R 



CH . CO . COOH, 


to give carbon dioxide and the corresponding aldehyde. 
Pyruvic acid would thus yield acetaldehyde and carbon 
dioxide according to the formula: 


CH3CO . COOH c-'^'-^Qxylase ^jj^cHO + COj. 


The enzyme carboxylase needs as co-enzyme thiamin 
pyrophosphate, and the need for an external supply of 
thiamin shown by those yeasts and moulds unable to syn¬ 
thesise it becomes clear. Moreover, the effect of thiamin 
concentration on the respiration of certain fungi (342) 
supports the theory of the importance of the part played 
by carboxylase in respiration and alcoholic fermentation. 
Pyruvic acid has actually been demonstrated in fermenting 
solutions, and when added to actively fermenting yeast 
cultures is converted quantitatively into carbon dioxide 
and ethyl alcohol. Moreover, it can function as a substrate 
for the production of alcohol by both yeasts and Fusarium 
Uni (806). 

If pyruvic acid is accepted as the precursor of acetalde¬ 
hyde, then there remains a gap in the process between the 
splitting of the 6-carbon chain of hexose-diphosphate and 
the production of the acid. 

The addition of a small amount of sodium iodo-acetate 
to a fermenting solution of either glucose or hexose- 
diphosphate does not prevent the continued disappearance 
of the original substrate, but neither alcohol nor carbon 
dioxide, nor the intermediates pyruvic acid and acetalde¬ 
hyde are formed. Instead, triose phosphate accumulates. 
This is a mixture of d-glyceraldehyde 3 -phosphate and 
dihydroxyacetone 3 -phosphate, the formation of which from 
hexose-diphosphate is catalysed by the enzyme zymohexase 

(Fig. 20). 

The enzymes, triose phosphate dehydrogenase and 
alcohol dehydrogenase, both of which can be demonstrated 
in yeast cells, are able to effect an oxido-reduction between 
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one molecule each of triose phosphate, water and acetalde¬ 
hyde, to produce glyceric acid 3 -phosphate (carboxylic 
acid) and ethyl alcohol. 



CH,0. POaH. 

A 

HOCH. O 


HEXOSE DIPHOSPHATE D-GLYCERALDEHYDE DIHYDROXYACETONE 

3-phosphate 3-phosphate 

Fig. 20. —Formation of Triose Phosphate from Hexose Diphosphate. 

(After Bell IVa. For explanation see text.) 


If sodium fluoride is added to a fermenting solution of 
the triose phosphate, the production of pyruvic acid from 
glyceric acid 3-phosphate is retarded, and the latter 
accumulates, together with glyceric acid 2-phosphate and 
enol-pyruvic acid phosphate, which may be regarded as 
further intermediate products. Enol-pyruvic acid phosphate 
readily loses its phosphate to the phosphate acceptor 
adenosine diphosphate through the action of the appropriate 
enzyme, giving adenosine triphosphate and free pyruvic 
acid. The regenerated adenosine triphosphate is then avail¬ 
able to function as a phosphate donor in the phosphoryla¬ 
tion of more of the hexose substrate. 

Thus the complete piocess may be shown diagram- 
matically as in Fig. 21 (iv s). 

The value of phosphorylation in the metabolism of living 
organisms lies chiefly in the mechanism which it provides 
for the transfer of energy (iv j, k). In fermentation it 
facilitates the breaking down of the normally stable hexose 
molecule. The phosphoryl groups in hexose diphosphate 
are highly polar, and may exert an "inductive effect,” so 
that the 6-carbon chain is more readily split into two 3- 
carbon chains by the appropriate enzyme zymohexase than 
would be That of the glucose molecule which is relatively 
stable. The decomposition and regeneration of adenosine 
triphosphate allows this substance, which is present in the 
yeast cell only in minute amounts, to be used over and 
over again, as indicated in the diagram on p. 120. 
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Variations from this process are seen when the fermenta¬ 
tion is carried out in the presence of sulphite witli the pro¬ 
duction of glycerol instead of alcohol (Neuherg’s second 
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^ triphosphalr 


I 


Fic. 21.— Scheme of Respiration (after Turner). 


form of fermentation) or under alkaline conditions when 
the end products are glycerol, alcohol and acetic acid 
(Neuberg’s third form of fermentation). 

D. Production of Organic Acids 

Certain fungi, notably the black-spored Aspergilli {Asper¬ 
gillus niger and related species), certain species of Penicil- 
lium and the related genus Citromyces, produce relatively 
large amounts of non-volatile organic acids in the medium. 
Smaller amounts are produced by some members of the 
Mucoraceae and Fungi Imperfect!. The amount and nature 
of the acid produced vary with the original composition 
of the medium, with the amount of aeration and other 
environmental factors. A, niger is used for the pro¬ 
duction of citric acid on a commercial scale, and this 
method has largely superseded the extraction of the acid 
from citrus fruits. By alteration of the culture methods this 
fungus may be used for the commercial production of other 
organic acids (8, 174, 795, 796). Although many organic 
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substances may be fermented to citric acid, the yield is 
best from sucrose or fructose. In the industrial fermen¬ 
tation sucrose or technical glucose is used. Mixtures of 
sucrose and either glucose or fructose are less suitable than 
sucrose alone. The concentration of the sugar is important, 
and the most economical initial amounts are from 14 per 
cent, to 20 per cent. With higher concentrations much of 
the sugar remains unused. Currie’s medium for citric acid 
production has the composition: Sucrose, 125-150 g.; 

NH4NO3, 2 - 2*5 g.; KH2PO4, 0 * 75 - 1*0 g.; MgS 047 H 20 , 
0 * 2 -l *0 g.; HCl to give pH 3 * 4 - 3*5 (approximately 4-5 
c.c. N /5 HCl); water, 1 litre. If the concentration of salts 
is increased, the proportion of oxalic acid produced is in¬ 
creased and that of citric acid correspondingly decreased. 

The production of citric acid is dependent on the main¬ 
tenance of a favourable pH and of a suitable degree of 
aeration. Too great a flow of air reduces the amount of acid 
produced, but the highest yields are obtained by the use of 
shallow pans allowing the development of the mycelium 
over a large surface exposed to the air. Rise in temperature 
from 8° C. to 30 ° C. increases the amount of citric acid 
produced, but above 30 ° C. the percentage of oxalic acid 
increases. 

In general, high yields of citric acid are correlated with 
thin mats of mycelium and light sporulation. Thus condi¬ 
tions which favour maximum growth do not usually also 
favour citric acid production. Similarly, other acids are 
most freely produced by certain fungi under sub-optimal 
conditions of growth, as with production of lactic acid by 
Rhizopus spp. (462, 781), 

Different strains of A, niger vary in the amount of acid 
produced and also in the exact environmental requirements 
for the production of a particular acid. Thus special strains 
are used commercially in the production of the various 
acids. 

Recent work has indicated the possible pathway of the 
formation of these carboxylic acids by moulds. It has been 
known for some time that carbon dioxide is required for the 
growth of some heterotrophic organisms, including species 
of Mucor and Aspergillus (4x2, 630). 
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When a strain of Rhizopus nigricans was grown on a 
glucose solution saturated with carbon dioxide in which the 
carbon was a radioactive isotope, fumaric acid was produced 
containing the labelled carbon isotope in the carboxyl 
group. By a similar method it was shown that the tracer 
carbon from the carbon dioxide supplied was present in 
the carboxyl groups of citric acid produced by A. niger 
(256). Earlier workers had suggested that in the pro¬ 
duction of this acid by Aspergillus the sugar in the sub¬ 
strate first undergoes alcoholic fermentation and the result¬ 
ing alcohol is oxidised to acetic acid from which citric acid is 
formed by a series of condensations (38, 152, 153). Under 
some conditions, however, the yield of acid is too high to 
be explained in this way. The maximum theoretical yield 
would be TO molecule of citric acid and 3 of carbon dioxide 
formed for 1*5 molecules of sugar fermented. Actual yields 
of TO molecule of the acid and only T 09 of carbon dioxide 
from 1*21 molecules of glucose have been reported (122, 
155, 802), The part played by carbon dioxide in synthesis 
of citric acid suggests another possible scheme. The first 
stage would be an incomplete alcoholic fermentation with 
the production of pyruvic acid. One molecule of the latter 
may be decarboxylated to acetic acid which, on further 
oxidation, yields acetic acid, while a second molecule of 
pyruvic acid is carboxylated to oxalo acetic acid. Con¬ 
densation may then give citric acid (604). The last stage 
might be by other condensations, however, such as between 
acetic and malic acids (152, 153) or between acetaldehyde 
or pyruvate and a dicarboxylic acid (604), The theoretical 
maximum yield would then be 1*0 molecule of citric acid 
from I'O of glucose with no carbon dioxide produced. The 
observed yields are smaller and some carbon dioxide is 
evolved, but this may be explained by the use of some of the 
glucose for the synthesis of cell material with an accom¬ 
panying production of carbon dioxide. 

3—THE SYNTHETIC POWERS OF YEASTS AND MOULDS 
The fact that many fungi are able to grow well on a 
simple synthetic medium consisting of glucose and salts 
shows that their powers of synthesis of complex organic 
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substances are considerable. The mycelium itself is com¬ 
posed of very complex substances such as di- and poly¬ 
saccharides, proteins and fats, all of which must have been 
built up by the fungus from the relatively simple ones 
supplied in the medium. Moreover, it is well known that 
many fungi are able to synthesise complex vitamins and 
other growth-substances from glucose and certain salts 
(see p. 77). In addition, many and varied compounds of 
great complexity have been isolated from the medium in 
which certain fungi have been grown. These include dyes 
and a number of antibiotic substances. The best-known 
example of this last group is penicillin, which is produced 
by strains of Penicillium notatum and has a strongly in¬ 
hibiting effect on Staphylococcus aureus and some other 
bacteria, including a number of important human patho¬ 
gens. Some of these substances show a striking similarity 
of structure (iv b, m). Thus the antibiotic substances 
fumigatin and spinulosin and a dye, phoenocin, are de¬ 
rivatives of toluquinone, while many other fungal dyes, 
such as helminthosporin (produced by Helminthosporium 
gramineum, the fungus causing leaf stripe of barley), are 
derivatives of 2-methylanthraquinone, Many such groups 
of structurally related substances have been described. 

Certain types of compound are produced by a number of 
unrelated fungi, while others are produced only by a small 
group or even a single species. Raistrick points out that, in 
the genus Aspergillus, there is a close correlation between 
synthetic ability and the generally accepted classification 
based on morphological characters (iv n). The formation of 
large quantities of kojic acid exclusively by the section of 
white-spored Aspergilli is an example of this correlation. 
Another is the active production of organic acids by the 
black-spored section {A. niger). The parallelism between 
physiological and morphologic^ type was less close in the 
genus Penicillium and could not be traced within the 
genus Fusarium, 

It is likely that the ability to synthesise these complex 
organic substances is controlled by genes in the same way 
as the biosynthesis of vitamins and amino acids by species 
of Neurospora has been proved to be (ivn). The great 
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differences in synthetic ability of morphologically similar 
strains or races (e.g. of A. niger) would then be due to gene 
mutations leading to the blocking of various steps in 
particular syntheses and the subsequent partial or complete 
loss of synthetic power. 

Most fungi grow well when supplied with glucose as the 
sole source of carbon. They must therefore be able to 
synthesise from this hexose sugar or its oxidation products 
the complex polysaccharides found in the cell wall and as 
reserve food inside the cell. Actively growing cultures 
transform a large proportion of the substrate into cellular 
material. Thus yeast may produce only two molecules of 
carbon dioxide per molecule of glucose oxidised and 
utilise the remainder for the formation of new cell material. 
Ninety per cent, of the glucose assimilated by Torulopsis 
utilis may be recovered as cellular carbon (254). 

The cell walls of most fungi do not consist of true 
cellulose, although those of certain groups, notably the 
water moulds or Saprolegniales, do. Usually the cell wall 
contains substances identical with or allied to chitin, which 
is built up of glucosamine units. This is a point of re¬ 
semblance to animals. 

The most common reserve carbohydrate in fungi is 
glycogen. This is another animal-like characteristic. True 
starch, which is the commonest reserve carbohydrate in 
the green plant, is seldom found, although it has been 
shown that it, or a closely related substance giving the 
typical blue colour with iodine and hydrolysing to glucose, 
is readily produced by certain species of Penicillium and 
Aspergillus. This is sometimes termed "mould starch." 
It is probably present in the tips of the asci of some of the 
cup fungi, as these stain blue with iodine. The spores of the 
glaucum group of Penicillium also contain a polysacchar¬ 
ide resembling starch which hydrolyses to glucose and is 
termed "spore starch." Other polysaccharides hydrolysing 
to glucose and giving red or purple colours with iodine are 
common. A glucose polysaccharide, known as myco- 
dextran, which gives no colour with iodine is produced by 
Penicillium expansum; mycogalactan, which hydrolyses 
to galactose, is produced by A. niger from glucose; while 
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luteic acid, which yields two molecules of glucose and one 
of malonic acid on hydrolysis, is produced by Penicillium 
luteum from galactose, mannose, fructose, glucose, pentose 
sugars or glycerol. Various fungal polysaccharides built 
up of mixtures of glucose, mannose or galactose molecules 
have been described, but their structure has not been 
worked out (iv g, h). The polysaccharides which are 
accumulated during the development of the sclerotia of 
Phymatotrichum omnivorum consist mainly of polymers 
of glucose (238, ^39)- 

A number of gums, e.g. the so-called **yeast gums,” may 
be found in the cell. Pentoses occur in the nucleoproteins 
of the nuclei of yeasts and moulds, while certain di¬ 
saccharides, such as trehalose, are commonly present in the 
cell. Glucose, fructose and sucrose are seldom found in the 
cell, although they are readily utilised by most fungi. Thus 
the fungi must possess considerable powers of transforming 
one sugar into another and of synthesising more complex 
carbohydrates. It is probable that these transformations are 
brought about by way of phosphorylation, as has been 
shown to be the case with certain higher plants and 
animals (318, 319, 320, 512). 

The higher alcohol, mannitol, is frequently present in 
the mycelium as a reserve substance, and it is produced in 
still larger amounts by many fungi. The white-spored 
Aspergilli may transform up to 50 per cent, of the glucose 
in the medium to mannitol. Some of this remains in the 
mycelium, but the greater part is excreted into the medium. 
Aeration increases production up to a point, but above this 
a further supply of air reduces the amount. Mannitol is 
formed from glucose, mannose, galactose, xylose or 
arabinose in quantities varying from 15 per cent, to 35 per 
cent, of the sugar supplied. The white Aspergilli do not 
usually form mannitol from fructose (171), which is sur¬ 
prising, since this sugar is the only one converted by 
bacteria (734), but the proportion of mannitol to trehalose 
produced by A. niger is said to be lower with glucose 
as substrate than with sucrose or fructose (564). 

Inositol is also formed from glucose by some fungi and 
may be present in the cell. Others are unable to synthesise 
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this substance and need an external supply, e.g. Nemato- 
spora gossypii (ii8, 119, 404). 

The proteins of the cytoplasm and the nucleoproteins of 
the nuclei are synthesised by many fungi from glucose and 
inorganic nitrogen compounds, such as ammonium salts or 
nitrates. Those of the yeasts have been much studied owing 
to their potential value as human food or animal fodder. 
Ordinary beer yeast has a bitter taste and does not grow 
well on simple media. Torulopsis utilis^ or "food yeast,” 
which has no unpleasant flavour and which grows well on 
molasses, ammonium salts and phosphate, is more suitable 
for food, and was produced on a commercial scale in Ger¬ 
many in the First World War and in Jamaica in the 
Second. In food value the yeast proteins, which contain a 
high proportion of cystine and lysine, are intermediate 
between those of animals and green plants. As much as 
50 per cent, of the dry weight of yeast may be in the form 
of protein, and on hydrolysis a wide variety of amino acids 
is yielded. The protein content of fifteen species of agarics 
used for food in Moscow were estimated (658). Table 16 
gives the protein content, expressed as percentage dry 
weight of four representative species. 


TABLE 16 


Protein Content of Edible Agarics 


Data from Sabarov & JFasilieui ( 658 ) 
Species 

Psalliota campestris (common mushroom) 
Boletus edulis ...... 

Trickoloma portentosum .... 

Collybia velutipes ..... 


Per cent. 
Dry Protein 

. 3206 
. 31-25 
. 10-50 

. 887 


Little is known of the composition of fungal proteins. 
Those of Boletus edulis yielded glycocoll, alanine, valine, 
leucine, aspartic acid, glutamic acid, phenyl-alanine and 
proline (823). Air-dried fruit-bodies of the same fungus 
also contained traces of adenine, histidine and trimethyl- 
amine, but no arginine or choline (832). 

Ammonia or hydroxylamine are thought to be important 
intermediates in the transformation of the nitrogen of the 
substrate to cellular nitrogenous matter. Amino acids are 
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synthesised and then condensed to give peptides, polypep¬ 
tides and finally proteins. 

The synthesis of glutamic acid by yeast takes place in 
several stages. Carbon and energy are obtained through the 
fermentation of glucose, which requires the presence of 
glucose, nicotinic acid and thiamin, and possibly also of 
pyridoxine and inositol. Assimilation of ammonia as a 
source of nitrogen is dependent on active fermentation of 
glucose and the presence of biotin. The final synthesis of 
glutamic acid in the yeast cell needs pantothenic acid. 
When all these requirements are met, glutamic acid 
accumulates in the cell. Condensation of glutamic acid into 
peptides does not follow until about two hours after the 
commencement of synthesis of the acid (399). Conversely 
when autolysis of a culture takes place, traces of amino 
nitrogen are released into the medium during the break¬ 
down of the cell proteins (399, 750). 

The recent genetical work with species of Neurospora 
has given clues to the path of synthesis of certain amino 
acids (iv c). Mutant strains produced by irradiation include 
seven unable to synthesise arginine and hence needing an 
external supply of this amino acid. When these strains were 
tested for their ability to use one or other or both of the two 
possible precursors of arginine, ornithine and citrulline, it 
was found that four were unable to use either of these sub¬ 
stances, two could use citrulline but could not use orni¬ 
thine, and the remaining strain required arginine as such. 
Since some strains were able to use citrulline but not 
ornithine and no strain was found that could use ornithine 
but not citrulline, it was concluded that the formation of 
ornithine must precede that of citrulline in the synthesis of 
arginine (714)- The synthesis then proceeds as follows: 


ornithine 


citrullin< 


arginine. 


Similarly, thirty-three strains are unable to synthesise 
tryptophane. Some of these are able to utilise either 
anthranilic acid or indole in place of tryptophane, while 
others can utilise indole but not anthranilic acid. Thus it 
may be concluded that the formation of both these sub¬ 
stances precedes that of tryptophane, but that anthranilic 
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acid is formed first. It has been demonstrated that indole 
combines with the amino-acid serine to form tryptophane 
(746, 748). Some information on the path of synthesis of 
isoleucine and valine has also been obtained by similar 
methods (60, 64). Further work along these lines may 
elucidate the formation of other amino acids and of more 
complex nitrogenous substances from these. 

Fats are found in the mycelium and spores of many 
fungi, but some produce them in relatively large quantities, 
e.g. yeasts (540), Endomyces vernalis (253), Oospora 
(Oidium) lactis (253), Penicillium javanicum {460, 461), 
Aspergillus fischeri (600). The factors influencing fat 
production by these organisms have been examined in 
considerable detail, but little is known of the mechanism 
of the conversion of carbohydrate to fat. A large amount of 
suitable carbohydrate is necessary, and the optimum con¬ 
centration is, in general, higher than that optimal for 
growth. Thus P. javanicum grows best at a concentration 
of 20 per cent, glucose, but fat production is highest at 
40 per cent, glucose. Other carbohydrates can be used by 
the various fat-producing organisms to an extent varying 
with the species. The lactose in crude whey is a good 
source of carbon for the production of fat by 0 . lactis. 
P. javanicum is able to produce fat in media with varied 
nitrogen sources, including various nitrates, sodium nitrite 
and ammonium salts, but ammonium nitrate gives the 
highest yield. Trace elements (chromium, columbium, 
iron, molybdenum and tungsten) are necessary for growth 
and fat production by this fungus. Oxygenation of the 
culture solution is essential for the production of fat by 
yeast. 

The fat content of the higher fungi is usually low, but 
shows considerable variation even in related species. Thus 
Boletus edulis contains only 1-6 per cent, (dry weight) and 
B. scaber as much as 9-69 per cent. (658). 

It has already been stated (p. 77 ) that many fungi 
synthesise certain vitamins. The yeasts are one of the best 
sources of vitamins of the B complex and are increasingly 
used when it is necessary to supplement a diet poor in 
these substances. Analysis has shown that all the known 
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members of the vitamin B complex are present in relatively 
large amount in yeast cells and in the mycelium of fungi, 
I'^:jf,periments with mutant strains of Neurospora and 
some other fungi on similar lines to those yielding in¬ 
formation on amino-acid synthesis, already referred to 
(p. 127 ), have thrown light on the path of synthesis of 
several of the B vitamins. Thus by using strains of Neuro- 
spora in which the synthesis of thiamin is blocked at 
various stages it has been shown that the thiazole and pyri¬ 
midine components of this vitamin are first synthesised 
separately and are then combined to form the complete 
vitamin molecule (747). Study of a similar group of strains 
unable to synthesise choline suggests that the path of 
synthesis is as shown in Fig. 22 (364, 365). 

I 

HgN . CHa. CHa . OH 
CH 3 . HN . CHa . CHa. OH 

I 

(CH 3)2 . N . CHa. CHa • OH 
(CH3)3 . N . CHa . CHa . oh 

(in 

Fig. 22.—Synthesis of Choune (after Bonner). 


Aminoethanol 

Monomethylaminoethanol 

Dimethylaminoethanol 

Choline 


The structures of the precursors of nicotinic acid have not 
yet been determined, but it has been shown that these 
must be synthesised in a particular order, and that when 
one of them accumulates, through loss of the ability to 
complete the synthesis of nicotinic acid, a reddish-brown 
pigment is produced in the medium (6z, 63). Since even 
the parent strain of Neurospora is unable to synthesise 
biotin, mutants of this fungus do not yield information on 
the synthesis of this vitamin. Data obtained from a study 
of mutant strains of Penicillium suggests that desthio- 
biotin is a normal precursor of biotin (743), Mutants of 
Neurospora unable to synthesise inositol, pyridoxine and 
p-aminobenzoic acid are known, and further study of these 
may yield results comparable to those which have thrown 
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licht on the mechanism of synthesis of thiamin and of 
certain amino acids (62, 736). Riboflavin and folic acid are 
members of the B complex which have not been found to 
be necessary in external supply for the growth of any yeast 
or mould, but they are present in the cells of all those so far 

examined. ^ . 

The chanterelle, Cantharellus cibanus, is rich m vitamin 

A, and several fungi are known to contain vitamin C (668), 
These two vitamins are not usually present in quantity in 
fungi, but examples of those unable to synthesise them and 
needing an external supply are few and unconfirmed. 

Sterols, including ergosterol, the precursor of vitamin D, 
are commonly found in the mycelium of yeasts and fungi, 
but are seldom required in external supply, suggesting 
that few fungi are unable to produce them. Ergosterol has 
been demonstrated, together with another sterol, fungi- 
sterol, in the fruit-bodies of Polyporus sulphureus (833) 
and in the mycelium of certain species of Aspergillus. 
Irradiated yeast is commonly used for cattle food as a 
source of vitamin D. Mycelia of a number of fungi after 
irradiation show antirachitic action for rats, indicating the 
presence of ergosterol (601). The content varies with the 
medium and is usually higher in the mycelium of species 
of Aspergillus and Penicillium grown in artificial culture 
than in wild fruit-bodies of the higher fungi. 

The varied chemical reactions involved in the break¬ 
down of nutrients and the synthesis of complex substances 
are brought about by the agency of enzymes produced by 
the fungus itself or occasionally supplied by the host plant. 
These include enzymes capable of catalysing the hydrolysis 
of carbohydrates, proteins and fats, phosphorylating en¬ 
zymes and respiratory enzymes. All are of complex struc¬ 
ture and many act only in the presence of other complex 
substances or co-enzymes. These are formed within the 
fungal cell. Some act only inside the cell, while others, such 
as the pectinase enzyme of certain plant parasites, are 
excreted into the medium or host cell. 

Fungal hyphae and particularly fungal fruit-bodies and 
spores are frequently brightly coloured or dark. This 
coloration is caused by the formation of a wide variety of 
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complex dyes. Often these are produced in great quantity 
and diffuse out into the medium. Some, including those 
produced by certain lichens, are of actual or potential 
commercial value. 

The study of the complex substances produced by 
moulds has received a great impetus by the interest in the 
synthesis of penicillin by Penicillium notatUTn and its 
successful production on a commercial scale and subse* 
quent introduction into medical practice during the Second 
World War. Many other antibiotic substances of varied 
chemical structure are now known to be produced by 
moulds, bacteria and actinomycetes. Many of these are 
also toxic to animal tissues even in a purified state and are 
therefore valueless. Some, such as streptomycin, produced 
by the actinomycete Streptomyces griseusy are already in 
use. Others, including some extracts of higher fungi, are in 
process of investigation (iv f). 

An attempt to list or clarify the large number of mould 
products now known is beyond the scope of this book. 
Moreover, the study of these products is advancing so 
rapidly that no account would remain complete for more 
than a short time. Accordingly, references to the most 
recent biochemical reviews are given at the end of this 
chapter. A vast amount of data is already available on the 
biochemistry of mould products and on the effect of en¬ 
vironment on the type and quantity produced. It is to be 
hoped that eventually this data may be condensed to give 
an accurate and detailed picture of mould metabolism. 
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THE EFFECT OF NUTRITION ON 

SPORULATION 

1 Concentration of Nutrients — 2 Sudden Change in Concentra¬ 
tion — 3 Type of Carbohydrate or other Carbon Source _ 

4 Nitrogen Source —5 Effect of other Elements —6 Vitamins 
and Growth-substances — 7 Balance between Food Substances 
Growth-substances and Staling Substances 


The mycelium of some fungi is very short-lived. That of 
others may continue to grow actively for a long time unless 
the food supply becomes exhausted or some other factor, 
such as low temperature or desiccation, prevents further 
development. At some time during the period of growth 
most fungi produce spores.These not only reproduce the 
individual^ but, as they are often formed in large numbers, 
also lead to multiplication of the fungus. Moreover, hetero- 
karyotic spores or spores produced after a nuclear fusion 
may also carry new and advantageous combinations of 
characters which may result in the establishment of the 
progeny in a new type of habitat. The greater power of 
resistance of spores, compared with vegetative hyphae, 
often enables the fungus to survive unfavourable condi¬ 
tions, which may be temporary. Finally, the relative ease of 
dispersal of spores facilitates the spread of the fungus to 
new sources of food supply. Thus the biological advantages 
of spore production are obvious. 

The study of the factors influencing sporulation is not 
only one of great interest but is of practical importance. 
The prevention of spore production, if possible, would 
obviously prevent the spread of many parasitic or destruc¬ 
tive fungi. Further, the identification of fungi depends to a 
large extent on the presence of spores. An understanding 
of the factors controlling sporulation in culture thus aids 
the systematic mycologist. 
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The change from vegetative growth to spore production 
depends primarily on the degree of maturity of the myce¬ 
lium, but is also frequently determined by the environment. 
The diversity of spore type, however, is so great that it is 
not surprising that the environmental factors leading to 
their production differ considerably for different species 
and for different types of spore produced by the same 
fungus. Nevertheless, certain fairly general statements may 
be made as to the factors usually favouring sporulation. 
On the whole the requirements are more exacting than those 
for mycelial development. 

1—CONCENTRATION OF NUTRIENTS 

Probably the most important single factor influencing 
sporulation of fungi is the concentration of food substances. 
The requirements of different species and of different types 
of sporulation of the same species vary considerably in 
detail but show a general similarity. The minimum concen¬ 
tration of nutrients which will permit mycelial growth is 
seldom or never sufficient for the production of spores. 
The concentration most favourable for vegetative growth is, 
however, almost always too high for maximum spore 
production. Sporulation often ceases long before the 
optimum concentration for growth is reached. The range of 
concentration of food materials suitable for sporulation is 
thus usually much narrower than that permitting the 
growth of the mycelium. With many fungi, growing on 
artificial media, sporulation does not begin immediately 
after inoculation, but may be delayed until after the phase 
of vigorous mycelial growth is completed and the nutrients 
in the medium have consequently been reduced in concen¬ 
tration. Again, many parasites, notably many of the wood- 
destroying Basidiomycetes, produce spores only after the 
host has been killed. 

The concentrations of carbohydrate or other source of 
carbon and, to a lesser extent, of the nitrogenous con¬ 
stituent of the medium, are important. Often fruiting is 
controlled to the same extent by altering the concentration 
of carbohydrate as by altering that of the whole medium. 
Thus the results of growing Melanospora destruens (i8) 
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on a series of dilutions of a medium containing glucose, 
potassium, nitrate and other salts are closely parallel to those 
with media in which only the glucose is diluted (Table 17 ), 
Dilution of either the whole medium or the glucose con¬ 
stituent to three-fifths or one-fifth of the original strength 
accelerates the production of perithecia. In the absence of 
glucose, perithecia are few, but are produced earlier than on 

TABLE 17 

Perithecial Frequency (Calculated by an Arbitrary Method) of “Melano- 

SPORA DESTRUENS** ON DILUTIONS OF A GlUCOSE-SALTS MeDIUM AND OP THE 

Various Ingredients 

Data from Asthana and Hawker (i8) 


Medium Used 

6 Days after 

> 

14 Days after 

27 Days after 

Inoculation 

Inoculation 

Inoculation 

1. Complete medium 

00 

0*22 

2*4 

2. Completemedium.tsUcngth 

0*0 

1*3 

2*6 

3. Complete medium, t strength 

0*6 

1*8 

2*0 

4. Plain agar 

00 

0*06 

0*4 

5. Glucose diluted to ^ . 

00 

1*4 

24 

6 . Glucose diluted to t . 

1*7 

2*26 1 

i 2*3 

7. Without glucose 

0*32 

04 

06 

8 . Nitrate diluted to ^ . 

00 

0*2 

2-3 

9. Nitrate diluted to t • 

00 

02 

21 

10. Without nitrate 

0*0 

0*0 

0*0 

11. Phosphate diluted to x 

0*0 

02 

2-2 

12. Phosphate diluted to | 

00 

0*18 

2*3 

13. Without phosphate . 

00 

! 

00 

00 


Formula for complete medium: glucose, 5 g.; KNO 3 , 3*5 g.; KHtP 04 » 1*75 g.; 
MgS 04 , 0*75 g.; distilled water, 1 litre; agar powder, 15 g. In media 5-13, concentra- 
tioD of one ingredient only was altered, as indicated; the rest remained as in the 
complete medium. 


the full medium. Increase in glucose concentration also re¬ 
duces the number and vigour of perithecia of some species 
of Chaetomium (768). Perithecia of Pleospora herbarum 
(252) do not mature at high concentrations of glucose. As the 
sugar content rises, the number of perithecial primordia in¬ 
creases, but the proportion reaching maturity falls rapidly. 
Production of both perithecia and pycnidia of Vaha 
leucostoma is slower on a concentrated medium, but the 
number of fruit-bodies is ultimately larger (452). A[)othecia 
of Pyronema confluetis (654) or pycnidia of Plenodomus 
fuscomaculans (163) form on a maltose-salts medium 
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(Coon’s agar) only over a restricted range of maltose con¬ 
centration (M/IOOO to M /250 and M /100 to M /50 respec¬ 
tively), while mycelial growth takes place at lower concen¬ 
trations and is vigorous in much richer solutions. Excep¬ 
tions to the general rule that spore production is inhibited 
by a concentration of carbohydrate considerably below the 
maximum for vegetative growth are known. Thus, the 
number of zygospores produced by Sporodinia grandis on 
malt-extract agar increases with increasing concentration 
of the medium up to 10 per cent, malt extract and on a 
glucose-asparagine-salts medium up to 20 per cent, glucose 
(25). These concentrations are near the point at which 
osmotic factors limit the growth of most fungi. At one 
time it was thought that production of uredospores by 
rusts ceased, and that of teleutospores began, in res[)onse 
to exhaustion of the food material of the host plant (283). 
Recent work on the metabolism of wheat infected with leaf 
rust {Pxiccinia triticina) suggests that, on the contrary, 
teleutospores are formed as a result of an actual increase 
in the nitrogen content of the rusted plants (284). Large 
fruit-bodies, such as those of the agarics and polypores, are 
also often favoured by relatively high concentrations of 
carbohydrate and other food substances (22, 23). No 
doubt a large amount of energy is expended in the pro¬ 
duction of such large structures, and consequently the 
oxidation of a relatively large amount of carbohydrate is a 
necessary condition of their formation. 

The concentration of the nitrogenous constituents of the 
medium often influences spore production, but is usually 
less important than the concentration of carbohydrate. 
Thus, with low concentration of the latter, the number of 
zygospores produced by 5 . grandis increases with increase 
in amount of asparagine in the medium (25). Concentration 
of potassium nitrate, however, has less effect on production 
of perithecia by M, destruens than has that of sugar. Re¬ 
duction of the amount to one-fifth of that in the standard 
medium has no efiect (18). 

The type of spore produced is often determined by 
concentration of the medium or of its carbon or nitrogen 
sources. Asexual spores of some fungi may be produced at 
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PLATE IV 


Fic. l.—Melanospora destruens on glucose, poUssium nitrate, 
salts medium, ten days after inoculation. No penthecia formed. 

Fig 2—Similar culture with a segment of the ongmal medium 
replatid by one of one-tenth the concentration. Penthecia (=een as 
black dots) formed on segment of dilute medium. 

Fic 3.—Culture on medium containing 0*5 per cent, glucose plus 

potassium nitrate and other salts, fourteen days 

fairly numerous penthecia formed and mycelium showing slight 

darkening. . . c , 

Fig. 4.— Culture of similar age on medium contammg 5 per cent, 
glucose plus salts. Intense mycelial gro^h with tufts of white aenal 
hyphae mid dark hyphae in medium. No penthecia. 

Fig. 5.—Culture of similar age on medium in which glucose was 
replaced by 0-5 per cent, sucrose. Sparse colourless growth and few 

perithecia. 

Fic. 6.—Culture of similar age on medium with 5 per rent, 
sucrose. Mycelium dark, perithecia abundant. 
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concentrations lower than those necessary for the develop¬ 
ment of the perfect stage, as with sporangia of Sporodinia 
grandis^ which form sparsely and produce viable spores on 
media too dilute for the development of zygospores. With 
many fungi, concentrations too high for the production of 
the perfect stage may permit the development of the 
asexual spores. Changes in concentration or nature of the 
food supply may explain the frequency with which conidia 
are produced on the living host while the perfect stage de¬ 
velops only on the dead one. Some downy mildews produce 
sporangia or conidia on the living leaves of the host, but do 
not usually produce oospores except in dead or dying 
tissues, while the brown-rot fungi, which attack apples, 
plums and other fruits, produce conidia {Monilia spp.) 
before the fruit is destroyed, and the perfect or apothecial 
stage {Sclerotinia spp.) develops later on the dead or 
'^mummied” fruit. The apple and pear scab fungi {Venturia 
inaequalis and V, pyrina) and Gnomonia erythrostroma 
(causing cherry-leaf scorch) produce their conidia on the 
living host but produce perithecia only on dead leaves. 
Conidia of some species of Eurotium {Aspergillus) con¬ 
tinue to develop at concentrations sufficiently high to 
inhibit the formation of perithecia. The production of 
conidia by Botrytis cinerea on glucose-peptone agar is 
favoured by relatively high concentrations of peptone, but 
inhibited by high concentrations of glucose, while the 
formation of sclerotia, from which under suitable condi¬ 
tions the apothecial stage {Sclerotinia) may develop, is 
dependent upon a relatively high initial concentration of 
glucose (580). This may be associated with the large size 
of sclerotia and apothecia compared with that of conidia, 
so that their formation requires a correspondingly large 
amount of food. Blakeslea trispora is a member of the 
Mucoraceae which forms both large multispored sporangia 
and smaller sporangiola with few spores. With low concen¬ 
tration of food-stuffs only the former develop, but on a 
richer medium sporangiola also are produced (293). Other 
factors, such as humidity, also influence the type of spor¬ 
angia produced by this f^ungus. 

Concentration of various nutrients may also exert a 
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profound effect on the size and shape of the spores. Both 
high concentration of the nitrogenous constituent of the 
medium and low concentration of phosphate reduce the 
number of septa in conidia of certain species of Fusarium 
(105, 363). Species of Cytosporinay Phomopsis and 

Diaporthe produce at least two types of spores in their 
pycnidia (557). These, known as and spores, 
differ in size and shape, the latter being larger and curved 
or bean-shaped instead of oval. A third, type of spore, 
may also be formed. These are elongated and are sickle- or 
tadpole-shaped. Increasing concentration of sugar increases 
the proportion of **B” spores produced, and still higher 
concentrations lead to the production of the "C” type 
spores. The actual proportions of the three types at a 
particular concentration vary with the species, but the 
general tendency is similar. The effect of increased aspar¬ 
agine concentration is the reverse of that with sugar, and 
with large amounts only *'A” type spores are produced. 
The tendency of high concentration of asparagine to check 
the production of "B" spores is overcome to some extent 
by further increases in sugar concentration. 

The carbon-nitrogen ratio is usually less important 
than the actual concentration of these elements in deter¬ 
mining sporulation in fungi. This is in contrast to the facts 
with higher plants, where the ratio is important and a low 
one depresses seed production. 

2—SUDDEN CHANGE IN CONCENTRATION 

It has long been the general practice of mycologists to 
grow fungi on dilute media in order to induce them to 
sporulate. Obviously this method, though based on experi¬ 
ence, is not invariably successful, since many other factors 
besides food concentration also influence fruiting and, 
moreover, some fungi sporulate most readily on rich media. 
Another method which has been much used, particularly 
with aquatic or semi-aquatic fungi, is to grow the fungus on 
a rich substrate and then to transfer it to distilled water, 
plain agar or a very dilute medium. The classic work of 
Klebs (397, 398) with the water mould Saprolegnia showed 
that the sudden withdrawal of food stimulates the formation 
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of zoosporangia by this fungus. These results, which have 
been confirmed by other investigators (388, 584)9 to the 
development of the common laboratory technique, where¬ 
by the water moulds are grown on solid substrates rich in 
protein, such as ants’ eggs, dead flies or split hempseed, and, 
when vegetative hyphae have developed, the production 
of sporangia is induced by transfer to fresh water. The 
mycelium of ^scoidca viihcscBTis^ which remains sterile 
when grown on plum juice, produces numerous conidia 
on transfer to sterile water (398). Conidia of Nectna 
cinnabarina form when the organic food has been reduced 
through growth of the fungus, but mycelium is again pro¬ 
duced if the food content of the medium is restored (398). 
Withdrawal of food from growing hyphae of Pestalozzia 
palmatum (429) and some merribers of the Sphaeropsidales 
induces sporulation (433)* With some other species of 
Sphaeropsidales, pycnidial formation is prevented by trans¬ 
fer of mycelium to water. Fruit-bodies of SchizophylluTn 
coiuntune and Stereum purpureum may be induced to form 
by a sudden reduction in food supply (77^)* Fruiting may 
be induced in some fungi by permitting them to grow from 
a rich medium to a poor one while maintaining contact with 
the parts of the mycelium on the original rich medium,^ as 
in the famous experiment of Claussen (154), in which 
apothecia of PyroTiciTici coTtfluGTis formed in a ring, where 
the hyphae grew over the edge of a petri dish containing an 
inulin medium on to one lacking carbohydrate. Similarly, 
if a segment of the agar gel is cut from a plate of glucose- 
salts medium on which Melanospora destruens (18) is 
growing and is replaced by a similar-sized segment of 
dilute medium or plain agar, numerous perithecia will form 
on the replacement segment before any develop on the rest 
of the plate (Plate IV, Fig. 2 ). Thus, while a reduction infood 
supply provides a stimulus to spore formation, it is obvious 
that the amount of nutrient present must not fall below the 
minimum for sporulation. The failure to sporulate after 
transfer of the mycelium to water is thus probably due to 
too drastic a reduction of food supply* Transfer to a weak 
medium is therefore often more successful than transfer to 

distilled water. 
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3—TYPE OF CARBOHYDRATE OR OTHER CARBON 

SOURCE 

It is well known that certain natural media (see Chapter 
III, p. 51 ) are more favourable to sporulation of many 
fungi than are the standard synthetic media. These natural 
media usually contain a relatively complex carbohydrate to 
which the favourable effect may be partly attributed. Many 
synthetic media contain glucose as a source of carbon. This 
sugar is readily assimilated by most fungi and supports a 
vigorous mycelial growth. More complex carbohydrates 
(di-, tri- and polysaccharides) are often less suitable for the 
production of vegetative hyphae, but may be more suitable 
for spore production. This effect of the more complex 
carbohydrates is seen with both asexual and sexually 
produced spores. 

The number of conidia produced by Fusarium fructi- 
genum on glucose-asparagine agar falls as the sugar concen¬ 
tration is raised, while the amount of mycelium produced 
rises (99). If the glucose is replaced by starch, the number 
of conidia increases with increase in carbohydrate up to 
a relatively high concentration. Mycelial growth, however, 
is less vigorous than on similar glucose media. The effects 
of sucrose and maltose are similar to those of glucose. 
Raffinose is rather more favourable to the production of 
sporangia of species of Phytophthora than are hexoses, 
pentoses and the disaccharides such as sucrose, maltose or 

lactose (434). 

The formation of perithecia by Melanospora destruens 
(337) is inhibited by relatively low concentration (2 per 
cent.) of glucose or fructose, and falls off rapidly at con¬ 
centrations above the optimum ( 0*5 per cent.). Mycelial 
growth continues to increase with increase in sugar con¬ 
centration up to the point (above 10 per cent.) where 
osmotic factors begin to inhibit growth. Both mycelial 
growth and formation of perithecia increase with increase in 
concentration of sucrose up to about 10 per cent., when this 
sugar is the sole source of carbon. Raffinose acts similarly to 
sucrose, while the effects of starch, maltose and lactose are 
intermediate between those of glucose and sucrose (Table 
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TABLE 18 

Effects of Various Sources of Carbon on the Production of Perithecu 

BV '’Melanospora destruens” 


Data from Hawker ( 537 ) 


Source of 

Source of 
Carbon 


Percentage Concentration of Carbon 
Compound supplied 



0-0 

0*5 

1-0 

m 

5*0 

10*0 

20*0 

Lentil extract 

Glucose 

SI 

7*15 

3-2 

Few 

0 

0 

0 

a* 

Fructose 

l&l 

8*3 

3*0 

Few 

0 



”F • F 

A « A B 

Maltose 

30 

8*15 

5*4 

mvm 




7 r 

Arabinose 

30 

10*0 

11*8 

■£9 




FT 7“ 

Am 

Lactose 

3-0 

8-8 

11-25 

10-2 

9*8 



97 99 

9f f* 

Potato 

starch 

30 

7*7 

11*1 

13*1 

10*2 

7-0 


A A A % 

Sucrose 

30 

2*85 

3*2 

5*2 

9*35 

9*85 

FW 

|r 

A B Aft 

Galactose 

30 

3*5 

1*6 





9f 

ft ft ft ft 

Inulin 

3-0 

3*5 

3*7 




■ 

Aft ft ft 

Mannitol 

3*0 

3*4 

3*2 

3*4 

3*6 



?F FF 

ftl 99 

Rafl^ose 



2*3 

4-6 

—p 

— 


W 9 F F 

Medium staled by 





1-4 

Few 



Rhizopus 

Glucose 

065 

6-95 

2*45 



A 

Fructose 

0-65 

7*45 

3-6 

1*3 

Few 

0 


99 • • 

as 

Maltose 

0*65 

6*6 

4*95 

mSm 




TP " 9 

*4 TT 

Arabinose 

0-65 

9*0 

14*1 





TP 99 

44 Tt 

Lactose 

0*65 

6*0 

15*0 

14-3 

11*3 

10*05 


TF P" 

• • tft 

Sucrose 

0*65 


5*8 

7*9 

11*6 

10*8 

Few 

99 9 9 

Mannitol 

0-65 

4-05 

4-1 

3-8 

4*0 

3*55 

—4 

Medium staled by 









Botrytis 

Glucose 

1*1 

2*15 

1*55 

Few 



—i. 

•ft ftf 

lactose 

1*1 

2*4 

6-6 

2*25 




f9 

Potato 

starch 

1*1 

7*55 

11*05 

10-25 


6*4 


•ft ftft 

Sucrose 

1*1 

1*85 

2*3 

3*55 

5*6 

K 2 R 


p p ■ ■ 

4 % 11 

Galactose 

1*1 

1*4 

0*6 

0*25 


4. 


FT • 9 

•ft ftft 

Inulin 

1*1 

1*75 

2*7 

20 




F P — “ 

99 99 

Mannitol 

1*1 

2-25 

3*0 






The figures in the table represent perithecial freauenices calculated by an arbitrary 
method ( 18 ). The bas^ me^um was composed ot KNO«, 3*5 g.; KHtP 04 ,1*75 g.; 
MgS 04 , 0*75 g.; distiUed water* 1 litre; agar powder, 15 g. 


18 and Plate III). Some other species of Ascomycetes re¬ 
spond similarly to increasing concentration of glucose or 
fructose, but vary in their response to the more complex 
carbohydrates ( 346 ). Table 19 gives the concentration of 
certain carbohydrates optimal for the fruiting of seven 
ascomycetous fungi. It is obvious that no one di- or 
polysaccharide is invariably the most favourable to fruiting. 
Fig. 23 shows the types of response to carbohydrates. Thus> 

141 






















PHYSIOLOGY OF FUNGI 


TABLE 19 

Percentage Concentrations of Various Carbohydrates Optimal for the 

Fruiting of Seven Ascomycetous Fungi 


Data from Hawker and Ckaudhuri ( 546 ) 


Fungus 

1 

Glucose 

Fructose 

1 

Sucrose 

Maltose 

1 

Lactose 

Starch 

Melanospora destruens 

0-5 

0*5 

50 

0-5 

05 

10 -2-0 

Podospora sp. 

10 

10 

100 + 

20 : 

100 + 

20 

Sordaria fimicola 

10 


10-0 + 


10 

20 

Chaetomium cochliodes 

20 

20 

20 

20 

100 + 

100 + 

Melanospora zamiae . 

0-5 

10 

0-5 

5 0 + 

5-0 + 

0-5-1-0 

Ceratostomella adiposa 

0-5 

0-5 

05 

05-10 

5-0 + 

05 

Pyronema confluens 

50 

20-50 

50 

10 

100 + 

100 + 


curves Mj and show the response to hexose sugar, i.e. 
(i) increase in dry weight of mycelium with increasing 
concentration of hexose sugar up to a relatively high op¬ 
timum value; (ii) very vigorous growth of mycelium at that 
optimum concentration compared with that on some more 
complex carbohydrates; (iii) fruiting reaching its maximum 
at a relatively low concentration of hexose sugar, above 
which it falls olf rapidly; (iv) the number of fruit-bodies 
formed at the optimum concentration is low compared with 
that on certain more complex carbohydrates. Response of 
certain fungi to some of the more complex carbohydrates 
resembles the normal response to hexoses. For example, 
growth and fruiting of Pyronema confluens are similar on 
sucrose, glucose or fructose media of the same con¬ 
centration. 

Curves Mg and Fg (Fig. 23 ) illustrate the type of response 
shown by M, destruens to increasing concentration of 
sucrose, by Podospora sp. to lactose, and by Chaetomium 
cochliodes to starch and lactose, i.e. (i) mycelial growth 
increasing with increase in sugar concentration, but not 
reaching such a high maximum dry weight as with 
glucose; (ii) fruiting also increasing with sugar concentra¬ 
tion and reaching a much higher maximum number of 
fruit-bodies than on glucose, so that, not only is the 
concentration of carbohydrate optimal for fruiting higher 
than that of glucose, but the actual number of fruit- 
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✓ 


Ms 



Concentration of Carbohydrate 



Concentration of Carbohydrate 

Fig. 23.—Effect of Concentration of Carbohydrate on Growth and Fruiting 

OF Certain Ascouycetous Fungi. 

The curvca show three types of effect of concentration of carbohydrate on mycelial 
growth and on fruiting (Fj-F,). Mi and Fj illustrate typical response to 

hexose sugars (e.g. M. destruens on glucose). M* and F, represent the efiect of a 


01 a tUXlffUS lO DreaJC aown a compiCA 

of gros^ results (e.g. A cor^uens on lactose). 

bodies produced at the optimum concentration is higher. 
Such a carbohydrate may be said to favour fruiting rather 
than mycelial development. 
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Curves M3 and F3 show a third type of response to com¬ 
plex carbohydrates, where, although both growth and 
fruiting increase with increase in concentration, neither 
reaches a high level at any concentration. The hyphae are 
spreading, sparsely branched and remain on the surface 
of the medium and the fruit-bodies are few and scattered. 
The general appearance of the colonies resembles that on 
plain agar and suggests a failure to assimilate the particular 
carbohydrate, with a resulting "'starvation” type of growth. 
Such a response is shown by Pyronema to lactose and 
Podospora sp. and Sordaria fimicola to sucrose. Between 
the MjFi and M3F3 types are all gradations of response. 

These facts suggest that the type of response to particular 
carbohydrates is correlated with the ease with which they 
are assimilated. Glucose and fructose, which are usually 
readily utilised, favour the production of mycelium rather 
than of fruit-bodies. More complex carbohydrates almost 
certainly must be hydrolysed to hexose sugar or phosphory- 
lated to give phosphoric esters of hexoses before they can 
be assimilated. The varying response of different fungi to 
different di- and polysaccharides is then probably the 
result of their ability to synthesise the necessary hydrolytic 
or phosphorylating enzymes. 

The rate of inversion of sucrose by Podospora sp., 
Pyronema confluens and Chaetomium cochliodes {54^) 
shows a close correlation with the type of response. Thus 
Podospora sp., which shows a starvation (M3F3). response, 
inverts sucrose very slowly, so that the concentration of 
hexoses in the medium would never be adequate for good 
growth and fruiting. Pyronema^ which shows a response to 
sucrose indistinguishable from that to glucose, inverts 
sucrose so rapidly that the fungus is, in effect, growing on a 
glucose-fructose medium (M^Fi type). Chaetomium inverts 
sucrose rather more slowly than does Pyronema^ but 
sufficiently rapidly to give a good development of myce¬ 
lium, while, although the optimum concentration for 
perithecial production is the same as that with glucose, the 
rate at which fruiting falls off with further increases in 
concentration is slower than with glucose (Table 20 ). The 
invertase activity of the dried and macerated mycelia of 
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TABLE 20 

Rate op Inversion and Utilisation of Sucrose by "Podospoba” sp., 

*'ChA£TOUIUM COCHLIODES” and **PyRONEMA CONFLUEN3*’ 


Data from Hawker and Chaudhuri ( 346 ) 



Days after 
Inocula¬ 
tion 

Percentage 
Total Sugar 
in Medium 

Percentage 
, Reducing 
Sugar 

Dry Weight 
of Mycelium 
(mg./lOO c.e. 
medium^ 

Sugar {mg.) 
Consumed 
per mg. Dry 
Weight of 
Mycelium 

Podospora . 

4 

1-86 

005 

45 

31 


7 

1-74 

006 

75 

3-6 


11 

1-67 

003 

115 

2-9 

Chaetomium 

4 

1-93 

004 

42 

1-7 


7 

1-40 

0-30 

325 

1-8 


11 

0-66 

0*77 

780 

1 

1-7 

Pyronema . 

4 

0-69 

0-63 

600 

2-2 


7 

0-03 

Trace 

880 

2-2 


11 

Trace 

None 

900 

2-2 


Original mediiun: Sucrose, 20*0 g.; KNO|, 3*59 g.; KH*P 04 , 1*75 g.; MgS 04 , 
0‘75 g.; distilled water, I litre. 


these three fungi is parallel to the rate at which they 
invert sucrose. 

If the favourable effects of certain complex carbohydrates 
on fruiting are entirely due to the rate at which these are 
hydrolysed to hexoses, then one would expect that these 
favourable effects could be produced by supplying the 
fungus with small increments of the appropriate hexoses 
at frequent intervals, in order to maintain the concentration 
of these at approximately the same level as that resulting 
from the hydrolysis of the more complex compound by the 
fungus itself. The artificial maintenance of the concentra¬ 
tion of hexoses in a medium with a low initial concentration 
of these (by replenishment of medium or transfer of 
mycelium to fresh media) at approximately that produced 
by the hydrolytic activity of the mycelium in a sucrose 
medium, is not so favourable as the sucrose medium itself 
to the production of perithecia by M, destruens ( 537 ). 
Such a maintenance of a low concentration of glucose is, 
however, superior in its effects on fruiting to a medium 
with a similar low initial concentration of glucose in which 
no increments of sugar are added later. Thus the effect of 
p.o.F .—11 145 
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sucrose is reproduced in part, at least, by adding incre- 
ments of glucose which, if added all together at one time, 
would be sufficient to inhibit fruiting entirely. 

Thus, although a rate of hydrolysis of complex carbo¬ 
hydrates, such that a favourable concentration of hexose 
sugar is maintained for a relatively long period, may partly 
account for the favourable effect of certain di- and poly¬ 
saccharides on the fruiting of various fungi, it does not 
wholly explain this, and some other explanation must be 
sought. The effect of sucrose might be expected to be 
due partly to the fact that on hydrolysis this sugar yields a 
mixture of glucose and fructose, and that such a mixture 
is possibly more favourable to fruiting than either hexose 
alone. M. destruens, however, responds to mixtures of 
glucose and fructose in exactly the same way as to either 
sugar alone. Moreover, no such hypothesis could explain 
the effect on the fruiting of Melanospora and other fungi 
of starch or maltose, which yield only glucose on hydro- 

lysis* 

Experiments with M. destruens (344) show that factors 
tending to increase the normal rate of inversion of sucrose, 
such as increase in temperature, presence of other organ¬ 
isms which invert sucrose more rapidly than does Melano¬ 
spora itself or of drops of very dilute invertase solution 
(Fig. 24), stimulate the production of perithecia. This 
suggests that some intermediate product in the inversion 
of sucrose is particularly favourable to fruiting, and is 
formed more readily from the disaccharide than from 
either glucose or fructose. The fact that the effects of 
sucrose and raffinose are similar suggests that the ring 
structure of furanose fructose might be of importance. 
Inulin, which yields only fructose on hydrolysis, is not 
used by this fungus, which is unable to grow on it in the 
absence of any other source of carbon. Abundant perithecia, 
however, are produced on an inulin medium in the presence 
of other fungi able to hydrolyse this carbohydrate. Arabin- 
ose also favours fruiting, and this might be attributed to 
the similarity in the structure of arabo-furanose with that 
of fructo-furanose. The higher alcohol, mannitol, which, 
although it has some structural resemblance to fructose, 

146 



effect of nutrition on sporulation 



PiQ 24_ Effect of Rate of Breakdown of Sucrose on Growth and Fruiting 

OF **Melanospora destruens/* 

1 Culture of M, destruens on synthetic medium with 5 per <»nt. sucrose. 
M = inoculum. Mycelial growth thin. 2. Mixed culture of M. destruens and 
Chnetomium cochliodes (shaded area) on synthetic medium with 5 per 
sucrose. Note ring of perithecia of Melanospora surrotmding colony of (^etomium. 
Peritheda of Chaetomium not shown in diagram. C = inoculi^ of (^etCmium. 
3 Culture of Af. destruens on synthetic medium with 5 per cent. glu^M. S == inserted 
segment of synthetic medium with 5 per cent, sucrose. Cross-hatched area = area of 
vigorous mycelial growth. 4 a-c. Cultures of M. destruens on syntheUc medi^ with 
5 per cent, sucrose with dflutions of (a) lO"*, {b) lO"*, and (c) 10"*, respwtively, of 
stock solution of invertase added to holes in agar plate (I). Crow-hatched areas are 
areas of vigorous mycelial growth characteristic of a glucose medium. 

Owing to dense growth of mycelium in some cultures, photogiap^ ww un¬ 
satisfactory. In these diagrams the black dots represent penAem. TTio dots m 
spaced to give a representation of the relative density and distnhuUon of perithecia, 
but each dot does not represent a aingle penthecium. 


does not possess the ring structure, is not used by M. 
destruens. This fungus grows well, but does not produce 
perithecia on a mannitol medium in the presence of other 
organisms able to use mannitol. This indirect evidence is in 
accord with the view that the ring structure of furanose 
fructose is favourable to fruiting. A study of the synthesis 
of sucrose by sugar-cane leaves (33^) suggests that fructose 
diphosphate is an important intermediate in the process. 
This ester is known to be a normal product of the fer¬ 
mentation of sugar by yeast, and it is therefore likdy that 
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it is generally produced during the utilisation of sugars by 
fungi. It might be thought that if this ester is formed more 
readily from sucrose or raffinose than from glucose, it may 
then accumulate and itself stimulate fruiting, or the greater 
ease of production may leave surplus energy for the 
formation of perithecia. Such a view does not, however, 
readily explain the favourable effects of starch, maltose and 
lactose which do not produce fructose on hydrolysis. 
Experiments with a bacterium {Pseudomonas 5 accaro- 
phila) show that sucrose may be synthesised from a mix¬ 
ture of fructose and the hexose ester, glucose-l-phosphate 
{210, 211). This ester also plays a part in the synthesis and 
breakdown of starch and glycogen in higher plants and 
animals (318, 319, 512), It may thus be the ease of forma¬ 
tion of this ester rather than of fructose diphosphate which 
determines the effect of various carbohydrates on fruiting 
of M. destruens. Glycogen is a very favourable source of 
carbon for the fruiting of this fungus, and is known to be 
readily phosphorylated to give glucose-l-phosphate (344)* 
Moreover, the addition of traces of glucose-l-phosphate to a 
sucrose or glucose medium increases the number of fruit- 
bodies formed. Fruiting is also favoured by the presence of 
fructose diphosphate, or of a mixture of hexose mono¬ 
phosphates. These esters are probably readily inter- 

converted (345)- , , , 1 r 1 • 

This problem is by no means solved, but work or this 
type may give valuable clues to the mechanism of carbo¬ 
hydrate breakdown in general and to the factors leading to 
spore production. The question of available energy is of 
fundamental importance, since more energy is presumably 
required for the formation of an elaborate fruit-body than 
for vegetative growth. It is significant that the respiratory 
index, i.e. the ratio of carbon dioxide respired to dry weight 
of mycelium produced, varies with different carbohydrates 
as substrate, and is roughly correlated with the effect of 
these on fruiting.^ Thus, a high respiratory index indicates 
the release of more energy than is necessary for mycelial 
growth, and this may well be used in sporulation. In 
general, dense sporulation is correlated with a relatively 

^ UnpublUbed experiments by the author. 
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poor development of mycelium and an apparently un¬ 
economic use of carbohydrate. 

4—NITROGEN SOURCE 

Less attention has been given to the effect of the source 
of nitrogen on fruiting than to that of carbohydrate, and 
consequently no generalisations can be made. Some fungi 
need comparatively complex nitrogenous compounds, such 
as asparagine or peptone, to induce fruiting, as for the 
production of zygospores by Sporodinia grandis (25). 
The value of such compounds may sometimes be due to the 
presence of impurities which supply essential trace ele¬ 
ments or growth-substances. Other fungi fruit more 
readily when- supplied with the simpler nitrogenous sub¬ 
stances. Thus, a number of species of Sphaeropsidales 
produce pycnidia most readily with potassium nitrate as 
sole source of nitrogen and least readily with peptone, 
while albumin and asparagine are intermediate in effect (43 3, 
520). With certain perithecia-producing fungi, the nitro¬ 
gen source influences fruiting to a greater extent than does 
the source of carbon (412). With others, e.g. Pleospora 
herbarum^ the nitrogen source is relatively unimportant 

(23^)* 


5—EFFECT OF OTHER ELEMENTS 

In general the same minerals are required for sporulation 
as for mycelial growth, but the amount required may be 
higher. Very small quantities of potassium or magnesium 
are necessary for vegetative growth, which may even take 
place to some extent without the addition of these elements 
owing to the presence of traces of them as impurities in the 
other ingredients of the medium. Sporulation, however, 
may be completely suppressed. If Fitsarium fructigenum 
is grown in Richard’s solution lacking magnesium sulphate, 
the dry weight of the mycelium produced is less than that 
of the controls, although still considerable, but no conidia 
are formed. The effect of some of the heavy metals or trace 
elements (see p. 68) is more noticeable on spore produc¬ 
tion than on mycelial growth. Reduction of the concen- 
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trations of iron or copper to the minimum sufficient for 
mycelial development of Aspergillus niger either sup¬ 
presses conidial production altogether or influences the 
pigments of the spores so that the cultures are white, yellow 
or brown, instead of the typical black of a fully nourished 
colony {ill b). 

6—VITAMINS AND GROWTH-SUBSTANCES 

The effect of vitamins and other growth-substances on 
mycelial growth has already been considered at some length 
(p. 72 ). It was shown that some fungi are either unable to 
grow or their growth is sparse in the absence of traces of 
certain complex growth-substances. This is due to a total or 
partial loss of the power to synthesise these. Some fungi 
which grow fairly satisfactorily on a synthetic medium are 
either unable to sporulate or do so feebly or only after 
a long period of growth unless growth-substances are in¬ 
cluded in the medium. The frequent references in myco- 
logical literature to the beneficial effects of particular 
natural media may be explained, not only by the suitability 
of various complex carbohydrates present in these media, 
as already discussed (p. 140 ), but also by the presence of 
traces of growth-substances which stimulate reproduction. 

Phycomyces blakesleeanus requires thiamin for vegeta¬ 
tive growth, but does not produce zygospores in a liquid 
glucose-asparagine medium to which this vitamin is added. 
The addition of an impurity present in certain samples of 
maltose, of malt extract or of an extract of wheat germ to 
such a medium leads to the formation of numerous zygo¬ 
spores (670, 671). These are also formed if the glucose- 
asparagine-thiamin medium is solidified with agar. If the 
agar is purified by extraction with methyl alcohol or aque¬ 
ous pyridine it no longer stimulates fruiting. It is therefore 
obvious that in addition to thiamin some substance con¬ 
tained in crude agar and in malt extract is necessary for the 
production of zygospores. This substance, which has been 
termed Factor Z, is present in various plant extracts. 
Potatoes are a rich source of it and have been largely used 
in attempts at purification and identification. Factor Z can 
be fractionated into two essential substances (Factors Zj 
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and Z2), each of which is active alone though the two 
together are superior. Zj is replaceable by guanine or 
hypoxanthine. Its chemical properties more nearly re¬ 
semble the former, with which it may be identical (633, 
634, 635, 636, 637, 649). Zg is as yet unidentified, although 
it is known that it is not a mineral catalyst. Even in the 
presence of these substances other factors may be limiting, 
such as temperature or concentration of thiamin, carbo¬ 
hydrate or asparagine, so that the maximum formation 
of zygospores depends on a favourable balance between all 

the factors of the environment (440). 

The production of oogonia and antheridia by Phytoph- 
thora cactorum has been shown to be dependent upon a 
specific substance contained in peas (43^1 437 ) certain 
green algae (438). Partial purification of this showed that 
it is necessary only in minute amount ( 439 )" The fungus is 
unable to synthesise it. It is possible that the active sub¬ 
stance is thiamin. 

Thiamin stimulates sporulation in a number of fungi. 
One strain of Melanospora destruens (338) grows fairly 
well in a glucose-salts medium to which a trace of biotin is 
added, but does not produce any perithecia. The further 
addition of thiamin to the medium results in increased 
mycelial growth and the production of numerous fruit- 
bodies. In the absence of biotin, growth is negligible even 
when thiamin is present (Plate IV and Table 21 ). The 
pyrimidine component of thiamin is as effective as the com¬ 
plete vitamin molecule, but the thiazole component alone 
is inactive. Other strains grow and even produce a few 
perithecia in the absence of an external supply of thiamin, 
but produce more numerous fruit-bodies when it is 
present. Such differences between strains are correlated 
wth the complete or partial loss of the power to synthesise 
the vitamin. Various plant extracts, such as malt extract, 
lentil extract or oatmeal extract, which are known to be 
rich in the B vitamins, also stimulate fruiting. If the 
concentration of glucose in the medium is raised the stimu¬ 
latory eflfects of either the crude extracts or of the pure 
vitamin are reduced and finally disappear. Further addi- 
tions of thiamin restore the stimulatory effecty so that the 
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concentration of sugar optimal for fruiting rises with in¬ 
crease in the concentration of thiamin (338). This is also 
true of a number of other fungi, including Melanospora 
zamiaCy Podospora curvula^ Philocopra sp., Sordaria 
fimicola^ Chaetomium cochliodes, Pyronema confluenSy 

TABLE 21 

Effect of Biotin and Thiamin on Growth and Fruiting of 

"Melanospora destruens" 

Data from Hawker ( 538 ) 


Growth‘Substanc€$ added to Medium 

Dry-weight Mycelium 
(mg. per 100 c.c. 
medium after 1 week) 

Perithecial 

Frequency 

None ....... 

Negligible 

None 

Inositol (20 mg. per 100 c.c. medium) 

Negligible 

None 

Biotin (4 t per 1.00 c.c. medium) 

24 

None 

Thiamin (4 y per 100 C.C. medium) . 

Negligible 

None 

Biotin + inositol ..... 


None 

Thiamin + inositol .... 


None 

Biotin + thiamin ..... 

165 

4-6 

Biotin + thiamin + inositol . 

162 

4-8 

Biotin thiazole component of thiamin . 


None 

Biotin + pyrimidine component of thiamin 

— 

4-3 

Biotin + thiazole + pyrimidine 


4-7 


Basal medium: glucose, 5 g.; KNO|, 3*5 g.; KH 1 PO 4 , 1‘7S g.; MgS 04 , 0-75 g.; 
distilled water, 1 litre. 


Collyhia velutipesy Schizophyllum commune, Hydnum 
coralloidesy Zygorhynchus moelleri, Mucor sexualis, Phy- 
comyces nitens, Basidiobolus ranorum, Phytophthora 
cactorum (340) and Coprinus ephemerus (391). Some of 
these, such as P. cactorum, do nbt synthesise the vitamin, 
and are therefore dependent on an erxternal supply for both 
growth and fruiting. Others are able to synthesise sufficient 
for vegetative growth, but not sufficient to permit sporula- 
tion, while yet others possess strong powers of synthesis, 
but are stimulated to produce very numerous fruit-bodies 
by external supplies of the vitamin, particularly when 
sugar concentration is high. Ceratostomella fimbriata 
fails to produce perithecia on media with a high concentra¬ 
tion of nutrients and a low concentration of thiamin (29). 
If such a thiamin-starved mycelium is transferred to a 
solution of thiamin in distilled water, perithecia develop. 
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This suggests that the action of this vitamin on fruiting is 
a direct one and is not a result of increased mycelial 

growth. 

The relation between the concentrations of sugar and of 
thiamin as influencing the production of perithecia by M. 


TABLE 22 

The Effect of Concentration of Thiamin on the Concentration of 
Glucose Optimal for Fruiting of “Melanospora destruens** 

Data from Hawker (jjS) 


Thiamin 

(y per 100 c.e. medium) 

Glucose 

0 

per cent. 

0-2 

per cent. 

0-5 

per cent. 

1-0 

per cent. 

2-0 

1 per cent. 

n 

0*6 1 

2-8 

2-6 

Few 

0 

KJ • ♦ • • 

1 

0-7 

2-9 

3-0 

2-4 

Few 


0-8 

2-8 

3-9 

2-5 

1-2 

• • • * 
10 . 

0-7 

2-6 

40 

.. A « 4 

4-8 

. 1 

3-1 

1 


1 Figures refer to perithecial frequency 10 days after inoculation. 


destruens has been studied in detail (3 3 8) and is shown in 
Table 22 . The effect of increased vitamin concentration in 
counteracting the adverse influence of high sugar concen¬ 
tration might be due to an increase in the rate at which 
sugar is used or to an increase in toleration of high sugar 
concentration. Experiments in which the rates of removal 
of glucose from media containing different amounts of the 
vitamin were measured show that increasing concentration 
of vitamin increases the rate at which glucose is broken 
down (Table 23 ). Moreover, this increased rate of sugar 
breakdown does not lead to a comparable increase in dry 
weight of mycelium. Most of the extra sugar broken down 
is accounted for by an increase in intensity of respiration, 
that is, in the ratio of carbon dioxide produced to dry 
weight of mycelium (342). Since thiamin is known to be a 
constituent of cocarboxylase without which the enzyme 
carboxylase, which catalyses the oxidation of pyruvic acid, 
is inactive, this effect of the vitamin on respiration might 
be expected. It is of interest, however, that such an increase 
in respiratory activity should be correlated with an increase 
in the intensity of fruiting. It has already been pointed out 
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(p, 14 S) that the more vigorous fruiting of this fungus on 
sucrose and certain other complex carbohydrates than on 
hexose sugar is associated with a high rate of respiration. 
It is possible that any factor tending to increase respiration 
rate, and therefore to release increased amounts of energy, 
favours fruiting of this and other fungi. 

TABLE 23 


Rate of Removal of Glucose from the Medium by “Melanospora destruens’* 

AT Two Levels of Thiamin Concentration 

Data from Hawker (342) 


Days after Inoculation 

Glucose {mg.) Consumed per mg. Dry Weight of 

Mycelium 

1y Thiamin per 100 c.c. 

11y Thiamin per 100 c.c. 

4 . . . . 

205 

6*34 

7 

i 4 4 • « 

303 

4-67 

$ • “ • 

11 ... . 

3-80 

4-85 

15 « • • • 

3-89 

514 


Originftl composition of medium; glucose, 20 g.^ KNOj, 3‘5 g.j KH,P 04 ,1'75 g>i 
MgSO*, 0'75 g.; distilled water, 1 litre. 


A somewhat similar part is played by biotin in the 
stimulation of the production of perithecia by some strains 
of Sordaria fimicola. Biotin is essential for both growth 
and fruiting of this fungus, but the requirements of fruiting 
are greater than those of vegetative growth (30, 444). 
Other strains require thiamin as well as biotin, and resemble 
Af. destruens in their metabolism (338). 

The examples so far considered all show stimulation of 
fruiting by substances which also favour mycelial growth. 
The amount necessary to stimulate fruiting is invariably 
greater than that sufficing for purely vegetative develop¬ 
ment. Nevertheless, these substances cannot be regarded 
as having a specific effect on sexual union. Examples are 
known, however, of such specific effects, and the substances 
concerned have, on the analogy of similar effects on the 
reproduction of animals, been termed "sexual hormones.” 
These stimulate conjugation or fertilisation and, so far as is 
known, have no effect on the development of mycelium. 

Conjugation of cells leading to spore formation in three 
species of Zygosacckaromyces is stimulated by two sub- 
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stances, one of which has the properties of an organic acid 
and the other of a member of the vitamin B complex. 
Neither is significantly active alone. The effects can be 
reproduced by a mixture of glutaric acid and riboflavin 
( 547 » 548)- 

The phenomenon of heterothallism was discovered by 
Blakeslee (55) in the Mucoraceae as early as 1904 . Mono¬ 
spore cultures of certain species of Mucor and related 
genera produce sporangia freely but do not produce 
zygospores. When these monospore cultures are *'mated” 
in pairs, about half the pairs produce a line of zygospores 
where the two colonies are in contact. This suggests that 
the monospore cultures are of two kinds or strains and that 
zygospores are produced only when hyphae from two un¬ 
like colonies meet. These strains show little or no morpho¬ 
logical differentiation. Blakeslee termed them + and — 
strains and introduced the word "heterothallism” to describe 
the existence of two strains both of which must be present 
for sexual reproduction to take place. A homothallic 
fungus, on the other hand, is one in which sexual repro¬ 
duction takes place in monospore colonies. Heterothallism 
has since been shown to exist in all the main groups of 
fungi. It is not always so relatively simple as in the Mucora¬ 
ceae. With some Ascomycetes, while more than one strain 
is necessary for fruiting, the gametes of both sexes are 
produced by either strain, but mature fruit-bodies do not 
develop unless both strains are present. Such differences 
between strains are obviously not sexual. It has been 
suggested by many mycologists that the difference is one 
of nutrition, namely, that each strain has different synthetic 
abilities and thus each contributes specific substances 
which are all essential for fruiting (308). Such substances 
must be particularly unstable, since monospore cultures of 
heterothallic strains cannot be made to fruit on any known 
medium, however complex it may be. 

When + and — strains of a heterothallic mould such as 
Mucor mucedo are planted on the same agar plate at a dis¬ 
tance of a few centimetres apart, the hyphae at first grow 
out to give circular colonies as usual. When the edges of 
the two colonies approach one another, vegetative growth 
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stops just before they touch, thus leaving a more or less 
clear zone of medium. A few hyphae penetrate this zone 
and become swollen. This may be interpreted as the initial 
stage in sexual reaction, and the appearance of the colonies 
suggests that this stage is induced by the production of 
diffusible substances from the two mycelia. The swollen 
hyphae or gametophores then approach one another and 
the tips fuse. The subsequent cutting off of the gametangia 
and the fusion of these to form the young zygospore is 
familiar to all students of mycology. The first phase in 
which the gametophores grow into the "restraint area,” 
apparently in response to the production of diffusible 
substances, is known as "telemorphosis.” The curvature of 
a gametophore from one strain towards one of the opposite 
strain is termed "zygotropism” (112). If the two colonies 
are separated by a permeable membrane, telemorphosis 
still takes place, indicating that the stimulus is indeed due 
to the production of diffusible stimulating substances by 
the two strains. Both strains usually show response in this 
way (406), There is evidence that the sexual reactions of 
Pilobolus crystallinus and Phycomyces blakesleeanus are 
also under hormonal control at least until the time of 
gametangial delimitation (411, 656). 

The formation of oogonia and antheridia in several 
dioecious species of the Saprolegniales or water moulds is 
also controlled by hormone excretion. Oogonial initials of 
species of Dictyuchus are formed only in response to the 
presence of the male thallus, but may be formed at some 
distance from the actual point of contact (168). The 
antheridial hyphae grow towards the female thallus. If a 
male thallus of Sapromyces Reinschii is placed in water in 
which a female thallus has been grown the tips of the 
hyphae show greatly increased branching and resemble 
antheridial initials (43). The most convincing evidence, 
however, has been obtained with two heterothallic dioecious 
species of Achlya {A, bisexualis and A, ambisexualis) 
(611, 612, 613). The first stage in sexual reproduction 
when both male and female thalli are present is the forma¬ 
tion of complex slender branches on the hyphae of the 
male thallus. These are the antheridial initials, and are 
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formed only in the presence of the female thallus, presum¬ 
ably in response to diffusible substances (hormone A) 
produced by the latter. After the formation of these anther- 
idial branches, oogonial initials develop as club-shaped 
lateral branches on the female thallus. Since these never 
form until after a definite interval of time from the forma¬ 
tion of the antheridial initials, it is presumed that a second 
substance (hormone B) is produced by the latter and 
induces the development of the oogonial initials. The 
antheridial branches are then attracted towards the young 
oogonia and attach themselves to them, after which the 
antheridia become cut off by cross walls. These responses 
are considered to be due to the influence of a third hormone 
(C) produced by the oogonial initials, while the thigma- 
tropic stimulus of contact with the oogonial wall also plays 
a part in inducing the delimitation of the antheridia by 
cross walls. Finally, the oogonium itself becomes delimited 
by a cross wall in response to yet another substance (hor¬ 
mone D) produced by the antheridia. The production and 
function of these sexual hormones are summarised in Table 
24 . It is not known whether the further stages in fertilisa¬ 
tion and maturation of the oospore are also under hormonal 
control. 

The evidence for the existence and functioning of the 
four sex hormones of Achlya is convincing. Firstly, the 
sequence of the stages in the formation of the antheridia 
and oogonia and the definite time intervals which always 
elapse between these stages suggest that these are under 
hormonal control as outlined above and in Table 24 . It 
should be noted that the earlier stages take place before 
the male and female thalli are in direct hyphal contact. It is 
significant that the time intervsds are longer when these 
thalli are mated on agar than when they are in water, 
where slight currents may increase the rate of transport 
of a solute. Secondly, in interspecific matings between the 
two species. A, bisexualis and A, amhisexualis^ the 
union is never completed but is stopped at a particular 
stage, presumably through the specificity of the hormones 
concerned. In mating of male A. bisexualis thalli with 
female ones of A. ambisexualis^ the sequence of events up 
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TABLE 24 

Production and Function of "Aciilya'’ Sex Hormones 

After Raper (6i i) 


Hormone 

! 

Produced by 

Affecting 

Specific Rcaction{s) 

1 

A 

1 

1 

$ Vegetative 

(S Vegetative 

* 

Induces formation of antheridial 


hyphae 

hyphae 

branches. 

B 

A Antheridial 

9 Vegetative 

Initiates the formation of oogonial 


branches 

hyphae 

1 initials. 

C 

9 Oogonial 

Antheridial 

' (i) Attracts antheridial branches. 


initials 

branches 

(ii) Induces, in connection with thig- 
matropic response, the delimila* 
1 tion of antheridia by basal wall. 

D 

1 

Antheridia 

9 Oogonial 
initials 

1 Induces delimitation of oogonium by 
^ basal wall. 


to the attraction of the antheridial branches towards the 
oogonial initials takes place as in a legitimate mating, but at 
this point the co-ordinating mechanism breaks down and 
the antheridia are not delimited by a cross wall. In the re¬ 
verse cross, between female thalli of A. hisexualis and male 
thalli of A. ambisexualis, the reaction fails at an earlier 
stage. Antheridial branches are formed in profusion, but 
no oogonial initials are produced in response. Thirdly, A, 
amhisexualis shows a capacity for "sexual reversal,” that 
is, certain thalli react as male or female according to 
whether they are mated with strongly female or strongly 
male thalli. Fourthly, the production of sex organs may be 
interrupted at various stages by suitable alteration in tlie 
composition of the nutrient medium. For example, if the 
amount of iron in the medium is reduced to a very low 
level, the oogonial initials fail to form a cross wall in 
response to the development of the antheridia. The iron 
may be necessary for the synthesis of the oogonium¬ 
delimiting hormone, or it may actually enter into the 
composition of the wall. Disruption of the mechanism at 
other points may be brought about by omission of phos¬ 
phate. A fifth and convincing line of evidence is the 
stimulation of the male and female thalli when separated 
by a permeable cellophane membrane; the formation of 
antheridial branches in the medium in which the female 
thallus had grown, after this had been passed through a 
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bacterial filter, indicating the excretion of hormone A by 
the female hyphae into the medium; the confi 3 rmation of 
the sequence of events when female and male thalli were 
grown in alternate micro-aquaria through which a constant 
slow trickle of water was maintained; and the actual 
measurement of the rate of diffusion of hormone A through 
an agar block. Studies of the chemical and physical pro¬ 
perties of hormone A have not yet led to its identification. 
It can be replaced to some extent by glutaric, malonic, 
pimelic or barbituric acids or by hydantoin (614). The pro¬ 
perties of the remaining three hormones (B, C and D) have 
not been studied owing to the great difficulty in obtaining 
them in quantity. 

7—BALANCE BETWEEN FOOD SUBSTANCES. GROWTH- 
SUBSTANCES AND STALING SUBSTANCES 

It is clear that nutrition plays an important part in the 
production of spores and in determining the time at which 
sporulation begins. Nutritional factors particularly favour¬ 
able to mycelial growth, such as high concentration of 
hexose sugars, do not usually favour the maximum amount 
of sporulation. An unfavourable factor may, however, be 
counteracted by another favourable one. The balance 
between the various constituents of the medium is thus of 
primary importance in determining whether growth shall be 
entirely vegetative, or vegetative at first and then reproduc¬ 
tive, or whether sporulation shall begin immediately. The 
type of spore produced by pleomorphic forms is also in¬ 
fluenced by the balance between the various food sub¬ 
stances. 

Melanospora destruens may be taken as typical of the 
behaviour of a large number of fungi, particularly of those 
producing perithecia. As we have already seen, this fungus 
produces its maximum dry weight of vegetative mycelium 
when supplied with an initial high concentration of glucose 
or fructose, but is only able to fruit at relatively low con¬ 
centration of these sugars. If, however, the amount of 
thiamin in the medium is increased, the effect on vegetative 
growth is negligible, but the fungus is able to produce 
perithecia at progressively higher initial concentrations of 
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hexose sugar (Table 22 ). Some strains of this fungus are 
able to produce a few perithecia after about two weeks’ 
growth in a synthetic medium containing a low con¬ 
centration ( 0*5 per cent.) glucose and with no external 
supply of thiamin. With higher concentrations of glucose, 
perithecia are fewer, and are formed later, and finally, 
with further increase in concentration, fruiting is entirely 
inhibited. Additions of the vitamin to the standard medium 
increase the number of perithecia formed, and these are 
formed earlier. The inhibiting effects of high glucose con¬ 
centration can be counteracted by adding the vitamin. A 
further increase in glucose concentration in turn will 
neutrabse the effect of the vitamin, and still further addi¬ 
tions of the latter are then necessary to permit fruiting. It 
may be assumed that these strains are able to synthesise 
some thiamin from sugar and salts, but that they do so very 
slowly and the amounts produced are suboptimal. At the 
same time, the fungus uses up the hexoses in the medium. 
If the requisite amount of vitamin for fruiting has been 
synthesised before toxic stabng products produced by the 
fungus reach an inhibitory concentration, fruiting will 
result. In the presence of an initial supply of vitamin, the 
fruit-bodies will form as soon as the amount of hexose sugar 
has fallen to a suitable level. With increased hexose the 
time for sugar concentration to fall sufficiently is longer, 
and staling may set in before conditions become suitable 
for fruiting which does not then take place. With higher 
initial concentration of the vitamin, the sugar is respired 
away more rapidly and conditions favourable to spore 
production are reached earlier. Thus fruiting is dependent 
on a favourable balance between the concentration of 
hexoses, thiamin and metabolic staling substances. 

The same type of relation between concentration of 
glucose and that of thiamin has been shown to exist, not 
only for a number of related fungi (Pyrenomycetes), but 
for certain other Ascomycetes and even certain Basidio- 
mycetes and Phycomycetes. 

It is well known that if the water moulds (Saprolegniales) 
are grown on solid substrates, such as dead flies or hemp- 
seed immersed in water, a vigorous growth of vegetative 
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hyphae first takes place, and the sporangia are formed later 
when the food supply is probably partially exhausted. 
Removal to fresh water hastens the formation of sporangia. 
Oogonia and antheridia develop later, presumably when the 
food supply has been still further depleted and the products 
of metabolism have begun to accumulate. If the volume of 
water is small, the staling substances may reach an inhibi¬ 
tory concentration and sexual reproduction may not take 
place. The oogonial initials may then function as gemmae 
or vegetative reproductive bodies. Neither sporangia nor 
sexual organs are formed if the initial food supply is un¬ 
suitable or insufficient. 

Thus the problem of the effect of nutrition on sporula- 
tion is a vei7 complex one in which several factors play an 
important part. No medium has yet been devised which is 
suitable for the production of spores by all fungi, nor is it 
likely that such a medium could be found owing to the 
diversity of spore types, not only among different fungi, 
but even in the same species. Nevertheless, it is perhaps 
safe to generalise to some extent. Disaccharides or poly¬ 
saccharides are likely to be more favourable to spore 
production than are monosaccharides. If the latter are 
used, a concentration higher than the minimum but con¬ 
siderably lower than the optimum for mycelial growth is 
likely to be best for fruiting. Other essential nutrients 
shoidd be present in proportion. External supplies of 
thiamin and probably of other vitamins are essential for 
spore production by those fungi which have entire^ or 
partially lost the power of synthesising these and are even 
likely to be beneficial with fungi which have moderately 
good powers of synthesis. The amount of vitamin required 
varies directly with the concentration of carbohydrate and 
sometimes with that of protein. Finally, with some fungi a 
sudden reduction in concentration of food substances will 
induce the fully nourished mycelium to produce spores. 

General reference for farther reading 

v I. Hawker, L.^ E., 1948. The Effect of Certain Growth-substances 
on Mycelial Growth and Fruiting of Melanospora destruens 
Shear, "Trans. Brit. Myc. Soc.,” XXX, 135-40. 
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Chapter Six 


OTHER ENVIRONMENTAL FACTORS 
INFLUENCING GROWTH AND 

SPORULATION 

1 Temperature — 2 Water—3 Light — 4 Gravity-—5 Aeration — 
6 Hydrogen-ion Concentration — 7 Poisons-—8 Mechanical 
Injury — 9 Mechanical Barriers to Growth 

Previous chapters have dealt with the effect of nutrition 
on growth and reproduction of fungi. While this is the 
most important single factor influencing the amount and 
type of growth, other factors are also of great importance. 
Nutritional requirements for sporulation are almost in¬ 
variably more exacting than for mycelial growth. The 
nutritional conditions optimal for vegetative growth are 
not necessarily the best for spore production and, in fact, 
often inhibit reproduction. Similarly, other environmental 
conditions favouring the production of hyphae may be 
unsuitable for sporulation. The range of temperature, 
humidity or /?H over which spores are produced is often 
narrower than that permitting mycelial growth. Under 
different conditions a fungus may produce different types 
of spore. Other qualitative differences, such as colour of 
mycelium and spores, or degree of septation of spores, also 
may be influenced by other environmental conditions in 
addition to nutritional factors. 

1—TEMPERATURE 

A. Effect on Mycelial Growth 

Temperature has a great influence on the rate of growth 
of living organisms including the fungi, probably owing to 
its effect on the chemical and physical processes involved in 
growth. We have already seen (p. 112) that respiration rate, 
and therefore the release of energy essential for growth, is 
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TABLE 25 

Minimum, Optimum and Maximum Temperatures (in Degrees Centigrade) 

FOR Mycelial Growth of a Number of Fungi 


Species 


Phytophthora terrestris 
Magnusia nitida 
M. orachytrichia 
Ceratostomella pilifera 
C. pluriannulata 
C. coerulea 
C. IDS . 

Melanospora destruens 
M. zamiae 
Sordaria sp. . 
Chaetomium sp. 

Verpa bohemica 
Merulius spp.. . * 

Polyporus versicolor 
Lenzites saepiaria . 
Fusarium lini 
Gloeosporium musarum 
G. fructigenum 
Colletotrickum 
lindemuthianum . 
Penicillium digitatum 
Cephalothecium roseum 
Monilia fructigena 
Rhizoctonia solani . 

Verticillium albo-atrum 


Minimum 

Optimum 

Maximum 

12 

31-5 

361 

5 

320 

430 

5 

32-0 

430 

4 

28-29 

34-35 

4 

28-29 

34-35 

3 

25-27 

32-34 

6-8 

30-32 

37-39 

!■ — 

30-35 

38^ 

— 

25-0 

30-35 


350 

40-45 

25 

40-50 

620 

3 

220 i 

300 

3 

22-25 1 

300 

0 

27-32 

400 

5 

32-35 

45-0 

10 

26-28 

37-0 


29-30 

37-5 - 1 - 

— 

24-25 

34-35 


21-23 

30-31 

1-2 


330 

9 

<— 

35-0 

4 


300 

2 

230 

34-5 

5 

250 

35-0 


A uthority 


Fawcett ( 249 ) 
Sweet ( 740 ) 

Sweet ( 740 ) 
Lindegren (45 z) 
Lindegren ( 452 ) 
Lindegren (45 2 ) 
Lindegren ( 452 ) 
Hawker * 

Hawker * 

Hawker ^ 

La Touche ( 410 ) 
Falck ( 244 ) 

Falck ( 244 ) 
Lindegren ( 451 ) 
Lindegren ( 451 ) 
Tisdale ( 761 ) 
Edgerton ( 226 ) 
Edgerton ( 226 ) 

Edgerton ( 226 ) 
Ames (ii) 

Ames ( 11 ) 

Ames (i i) 
Lauritzen ( 421 ) 
Edson and Shapo- 
lov ( 227 ) 


^ Unpuhlished data. 


greatly influenced by temperature. The physiological pro- 

cess of the intake of water and solutes from the medium 

and the numerous chemical processes involved in the 

breakdown of food substances and in the synthesis of 

organic compounds from the breakdown products, are all 

individually influenced by temperature, so that one would 

expect the collective process of growth to be profoundly 
affected. ^ 

The effect of temperature on growth of the sporangio- 
phore of Phycomyces is reversible (131), that is, the fungus 
shows no "temperature adaptation,” and previous exposure 
to a particular temperature does not influence the rate of 
growth after transfer to another temperature. 

The range of temperature over which fungi will grow 
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IS 20 25 30 35*C 

Temperature 

Fig. 25.—Effect of Temperature on Growth 


Each point represents the linear nowth during the twenty>four-hour period 
immediately preceding the time at wmch the measurement was made. The incre¬ 
ments of CTowth of Fusariumt Botrytis and Altemaria are measured in millimetTes 
as shown by the large figures (data from Brown). Those of the relatively fast-growing 
Melanospora destruens and M. zamiae are plotted to one-tenth of the scale (as 
shown by the-small figures in brackets) (origmal data). 

varies to some extent with the various species. Most fungi, 
however, either do not grow or grow very slowly at freezing- 
point and, at the other extreme, are unable to grow at 
temperatures above 30-35° C. The optimum temperature 
for growth is usually between 20° C, and 30° C. Thus the 
cardinal points (minimum, optimum and maximum tem¬ 
peratures) for the vegetative growth of fungi are usually in 

the neighbourhood of 0-5° C,, 20-30° C., 30-35° C. The 

curve representing the effect of temperature is not sym¬ 
metrical, since growth-rate often falls rather rapidly with 
increase in temperature above the optimum (Table 25 and 

Fig. 25). 
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There are, however, certain very striking exceptions to 
this generalisation. Thus, certain fungi are able to grow at 
freezing-point or even a few degrees below. Goods in cold 
storage may be attacked by moulds, although deterioration 
through such attack will be very much slower than at 
normal temperatures. Cladosporium herbarum^ which de¬ 
velops slowly at — 6® C. and will even grow slightly at 
— 10 ® C. (41, 88), causes a black discoloration of meat in 
cold-store. The damage is only superficial and the affected 
parts may be shaved off, but the market value of the pro¬ 
duct is reduced. Other fungi, notably Torula hotryoides^ 
Sporotrichum carnis, Penicillium expansum and Tham- 
nidium spp., which also cause spotting of cold-store meat, 
may show slight growth at temperatures a few degrees 
below freezing-point and grow readily at 0 ° C. itself (88). 
Other refrigerated goods, including butter, are also liable 
to deterioration and spotting due to the development of 
moulds which grow at low temperatures. Products such as 
apples or other fruits which are injured by freezing and 
which are therefore stored at 3 - 5 ® C. are even more liable 
to damage, as many fungi grow at such temperatures (ii). 
Many other fungi are able to survive at temperatures at or 
below freezing-point, but do not grow until the tempera¬ 
ture is raised. Such organisms are not a problem during 
cold-storage of goods, but may cause rapid deterioration 
on the removal of the goods from the cold-store. 

Some fungi are able to grow at unusually high tempera¬ 
tures, These include certain coprophilous fungi, such as 
Sordaria spp., which may grow, although rather slowly, 
at 40 — 42 ® C. and grow most rapidly at about 35 ® C.^ 
Many of these germinate and begin to grow while still in 
the animal’s gut at blood temperature. The relative in¬ 
frequency of fungal diseases of man and other warm¬ 
blooded animals is correlated with the inability of most 
fungi to grow at such a relatively high temperature. No 
fungi are known which are able to grow at the very high 
temperatures that favour the thermophilic bacteria, al¬ 
though one, which is probably a species of Chaetomium^ 
growing on straw, has been found to grow over a range of 

^ Unpublished experiments by the author. 
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temperature of 25-62° C. with maximum development at 
40-50° C. ( 419 ). As will be seen later, many fungi and 
fungal spores are able to survive exposure to high tem¬ 
peratures, even though they are unable to grow at these. 

Certain groups of fungi may be classed as low-tempera¬ 
ture organisms, and for these the cardinal points are all 
lower than the average. Aquatic and semi-aquatic groups, 
such as species of Pythium and Phytophthora, and the 
majority of the water moulds, are often of this type. 
Members of the genus Penicillium are, on the whole, more 
frequently met with than species of Aspergillus in temper¬ 
ate regions and, in general, have ratlier lower cardinal 
points than has Aspergillus. Members of the latter genus 
are a more frequent cause of fungal decay in tropical 
regions. They were among the most troublesome fungi 
causing loss of equipment in the campaigns in Burma and 
other moist tropical areas during the Second World War 
( 702 ), and may be termed high-temperature fungi. Many 
yeasts multiply most rapidly at relatively high tempera¬ 
tures. Certain species of Fusarium are also relatively high- 
temperature organisms. Thus F. hulbigenum is unable to 
penetrate narcissus bulbs at temperatures much below 
20° C., and consequently losses from basal rot in the field 
are less frequent in England than in regions such as 
Holland and the eastern seaboard of the U.S.A. where 
higher soil temperatures are more often reached C 335 ). 

Although certain genera or families may be classed as 
low- or high-temperature organisms on the whole, yet there 
are usually exceptions within the group. Even within the 
same genus variation in response tp temperature may be 
considerable ( 226 , 227 , 798 ). This fact is used to distinguish 
between some species of Mucor in Zycha’s key to this 
group ( 835 ). Table 26 shows cardinal points for growth of 
a number of species of two genera, Rhizopus and Fusar¬ 
ium. Even strains of the same species may vary in response 
to temperature, as with strains of Torulopsis utilisy the 
"food yeast” (see p. 37). 

The luminescence of fruit-bodies of Panus stypticus is 
reduced at low temperature, but the fungus is still faintly 
luminous at 0° C. ( 107 ). 
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TABLE 26 

Cardinal Points of Tehperatxtre for Growth of Species of the Genera 

*'Rhi20pus** and “Fusarium” 


Data from Weimer and Harter ( 798 ) and Edton and Shapolov ( 227 ) 


Species 

Minimum 

Temperature 

Optimum 

Temperature 

Maximum 

Temperature 

Rhizopus artocarpi 

• 

• 

90 

27*5 

330 

R. nigricans 

• 


6-0 

250 

31-0 

R. reflexus 

• 

• 

7-0 

270 

340 

R. microsporum . 

» 

• 

20 

250 

320 

R. tritici . 

• 

• 

110 

34-0 

460 

R. delemar 

• 

• 

100 

320 

46-0 

R. nodosus 

♦ 

• 

80 

340 

460 

R. oryzae . 

• 

• 

11'5 

32-0 

460 

R. arrhizus 

• 

• 

7*5 

350 

450 

R. maydis . 

9 


7-5 

320 

440 

R. chinensis 

• 

• 


400 

510 

Fusarium coeruleum . 

• 

• 


250 

30^ 

F. discolor var, sulphureus 

• 

• 


250 

35*0 

F. eumartii 

• 

• 


250 

350 

F. oxysporum 

• 

• 


300 

37*0 

F. radicicola 

• 

• 


300 

39*0 

F, tricothecioides 

• 

• 

50 

1 

1 

250 

30*0 


B. Effect on Sporulation 

The range of temperature over which spores are pro¬ 
duced is often narrower than that permitting mycelial 
growth. Thus the ranges for growth of Monilia fructigena 
and Cephalothecium roseum are 4-30° C, and 9-35° C. 
respectively, while the corresponding ones for the produc** 
tion of conidia are 9-30° C. and 14-^0° C. (n). Tempera¬ 
ture may influence the type of spore produced, as with 
Sporodinia grandis^ where a high temperature favours the 
production of zygospores and a low one that of sporangia 
( 25 ). The production of teleutospores instead of uredo- 
spores by certain rusts in the autumn may be stimulated by 
low temperatures ( 495 ). Uredosori of Puccinia paminis 
develop more slowly and are slightly smaller at 10° C. than 
at 20° €• ( 495 ). The morphology of the spores or spore¬ 
bearing structures may even be different at different 
temperatures. Thus the warts on the ascospores of species 
of the yeast Debaryomyces are more clearly seen at low 
temperatures, since the single ascospore does not fill the 
ascus as it does if the temperature is high (J 35 ). This is of 
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importance to the systematist, since the warts are a diag¬ 
nostic character for this genus. 

Certain phases in the life-history may be even more 
exacting in temperature requirements. Tlius fusion be¬ 
tween sporidia of Ustilago maydis takes place freely only 
over the narrow temperature range of 20-24"" C. ( 72 ). 
Below 20° C. rate of fusion is greatly depressed, while 
above 24° C. active yeast-like budding takes place. Nothing 
is known of the conditions under which the actual fusion 
of nuclei in other fungi takes place, but it would not be 
surprising if the requirements are exacting, since it is often 
difficult to obtain material showing this stage. 

The temperature optimal for either growth or sporula- 
tion may alter with the medium on which the fungus is 
grown. Thus Melanospora destruens ( 343 ) has a lower 
optimum for growth and a higher optimum for the produc¬ 
tion of perithecia on a sucrose medium than on a glucose 
one. This is probably due to the effect of temperature on 
the rate of utilisation of these two sugars, so that sucrose, 
which is respired more rapidly than glucose, is used up 
sufficiently rapidly to limit growth at temperatures where 
sugar concentration of a glucose medium does not become 
limiting. This is an effect on total weight of mycelium rather 
than on growth rate. 

Temperature also influences the rate of spore discharge 
of most fungi. Some perennial woody fruit-bodies, such as 
that of Daedalia ( 107 ), cease to discharge spores during the 
winter but resume discharge in the spring. 

c. Lethal Effects of High and Low Temperatures 

While growth is only possible over a limited range of 
temperature, the fungus may survive over a wider range, 
and resume growth when a favourable temperature is 
restored. Spores may be much more resistant than myce¬ 
lium to extremes of temperature. 

Exposure to high temperature is one of the most valuable 
methods of killing fungi and bacteria ( 473 ). At temperatures 
just above the maximum for growth, death may occur only 
after very prolonged exposure. At higher temperatures 
death occurs after progressively shorter exposures. Finally, 
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a theoretical point is reached at which death is assumed to 
be instantaneous and which is known as the thermal death 
point. In practice, however, no such point exists, since the 
lethal temperature is influenced by other environmental 
conditions, by the physiological state and maturity of the 
organisms and by individual variation in resistance. It is 
well known that the susceptibility of living cells to heat 
increases with increase in their water content. Thus it is 
easier to kill organisms by the use of ”moist heat” than of 
"dry heat,” so that the temperature required for sterilisa¬ 
tion by steam is lower than that for sterilisation by dry heat. 
The temperature of incubation of the culture also influences 
heat resistance. Fungicidal substances and toxic staling 
products become more toxic with increased temperature, 
so that the thermal death point is lowered in the presence 
of these. Similarly, the thermal death point may be altered 
according to whether the organisms are suspended in an 
acid or an alkaline medium. Certain food substances, such 
as sugars, may protect the fungus from the effects of heat. 
In general, young cultures are killed at lower temperatures 
than are old ones. Spores are often more resistant than 
mycelium, and some types of spore may be more resistant 
than others, while old spores may have a higher thermal 
death point than immature ones. It is seldom that death of 
a whole culture or of all the spores in a suspension is 
simultaneous, so that the minimum temperature which 
instantaneously kills the whole population may be actually 
the thermal death point of a few particularly resistant 
individuals. In practice the thermal death point is usually 
taken to be the temperature, exposure to which for a brief 
arbitrary interval of time kills the whole population. Such 
a value is of practical significance in determining the mini¬ 
mum temperature that can be used for the destruction of 
a particular organism. Most fungi are killed by brief ex¬ 
posures to temperatures between 50 ° C. and ^° C., but 
some are more sensitive to heat and others more resistant. 

The times required to kill spores of Botrytis cinerea in 
water at temperatures ranging from 31 ° C. to 50 ’ 3 ° C. 
have been fully investigated (704). If the numbers of spores 
surviving after exposures of different duration at any one 
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temperature are plotted, the curves are of a similar sigmoid 
shape (Fig. 26) and are superimposable by adjustment of 
the time scale. The temperature coefficients (QIO) for 
the effect of temperature on the time required to kill 50 
per cent, of the spores are very large, varying from 690*0 



Fic. 26.— Survival of Spores of ‘*Botrytis cinerea” at Different Tempera¬ 
tures (after Henderson Smith). 

(For explanation see text.) 


between 31° C. and 37° C., to 29*5 between 47° C. and 
50° C. Similar high temperature coefficients have been 
obtained for the lethal effect of high temperature on 
bacteria. 

Byssochlamys fulva is a frequent cause of spoilage of 
canned fruit ( 368 ). The process of canning includes heat 
treatment sufficient to kill nearly all fungi. This destroys 
the mycelium of B. fulva^ but some of the ascospores are 
highly resistant and survive the normal canning process. 
The thermal death point has been estimated to be as high 
as 96° C., but only a few spores show this maximum heat 
resistance. A slight increase in the temperature is sufficient 
to kill even the resistant ascospores, but the margin between 
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the temperature lethal to these and that causing deteriora¬ 
tion of soft fruits, such as strawberries, is a narrow one. 
Resistance to heat is greater in a solution of sucrose than in 
water, and is also influenced by the pH of the solution. 
Conidia of the same fungus are killed by much lower tem¬ 
peratures. 

It is often difficult to kill fungi by the use of low tem¬ 
peratures even considerably below freezing-point. Many 
plant parasites produce resting spores, such as the teleuto- 
spores of the rusts, which are able to withstand the pro¬ 
longed intense cold of the Siberian or Canadian winters. 
The mycelium and other types of spore, such as the uredo- 
spores of some rusts, are less resistant and do not usually 
survive the severe winters of these regions. Spores of related 
species, however, are often strikingly different in the degree 
of their resistancee to cold. Thus, while the uredospores 
of Puccinia graminis are unable to survive the North 
American winter, those of P. triticina, which also attacks 
wheat, usually do survive. Conidia of a species of Glomerella 
survived 260 days at — 10° C. (226). Sclerotia of Phymato- 
trichum omnivorum retained their viability for fifty davs at 
5° C. but did not survive 24 hours exposure to — 13° C. 
( 241 ). Owing to the high degree of resistance to cold shown 
by many fungi, the lower thermal death point (that is, the 
temperature which is just low enough to kill a particular 
organism after a brief arbitrary exposure) has seldom been 
calculated. In general, resistance to low temperature is 
sufficiently great to prevent the use of refrigeration as a 
practical means of sterilisation of products. The value of 
cold storage lies in the retardation of germination and 
growth. 

D. ZoNATiON Caused by Fluctuating Temperature 

Fluctuations in temperature may cause zonation in 
colonies of some species of Fusarium grown in total dark¬ 
ness. With F, fructigenum ( 99 ) zones showing different 
intensities of sporulation may be induced by changes in 
temperature, but the change must be large (10° C.) and the 
period of exposure fairly long in order to produce a marked 
effect. Similarly, fluctuations in temperature produce zo- 
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nation in cultures of Sclerotinia fructigena ( 317 ) in total 
darkness. The type of mycelium produced in the dark 
alters with changes of temperature from a compact white 
growth with few conidia at 10"^ C. to a tufted growth bearing 
spores at 20-25° C. and becomes sparse with few conidia 
at 30° C. Thus regular fluctuations in temperature cause 
alternating zones of the type of growth characteristic of the 
particular temperature. Again, the change must be of at 
least 5° C. to produce any visible zonation and of 12° C. to 
produce a marked difference. There is usually a slight lag 
in the change over from one type of growth to another after 
the temperature has been altered. Both these fungi show 
zonation more clearly in response to alternation between 
light and darkness (see p. 187) than to fluctuations of tem¬ 
perature. Intense zoning of cultures of Ascochyta Rabiei 
occurs in response to temperature fluctuations, but changes 
in light intensity have no such effect ( 314 )- 


2—WATER 

A. Moisture Requirements for Mycelial Growth 

Water is essential to all life, and fungi in general are 
particularly dependent upon a moist environment. Crops of 
toadstools develop in the woods after rainy weather, damp 
plaster walls become mildewed, moist food becomes 
covered with moulds, and diseases such as potato blight 
(caused by Phytophthora infestans) are prevalent in wet 
summers. The delicate nature of fungal hyphae and of some 
of the spore-bearing structures makes them peculiarly liable 
to destruction through desiccation, while it has already 
been shown that most fungi are only able to absorb food 
substances from rather dilute aqueous solutions. Neverthe¬ 
less, the requirements of different fungi vary enormously. 
At the one extreme the aquatic forms are able to grow 
actively only in the presence of free water. Most of these 
are able to survive periods of drier conditions by the 
formation of resistant, thick-walled spores or gemmae. 
Others, such as Pythium and Phytophthora, may be said to 
be semi-aquatic, since, although they grow in rather moist 
habitats, they are dependent on free water only during the 
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formation and dispersal of their zoospores, which is a very 
brief phase of their life-history. Even this phase may usually 
be by-passed by the formation of a germ-tube from the 
sporangium when conditions are too dry for zoospore 
formation. Certain closely related fungi, such as species of 
Peronospora and Bremia, have lost the power of producing 
zoospores, and their sporangia invariably function as 
conidia and germinate by means of a germ-tube. Thus these 
show an advance towards complete adaptation to a terres¬ 
trial existence. At the other extreme many moulds, includ¬ 
ing species of Penicillium and Aspergillus^ are able to 
grow in the presence of very little moisture. 

The minimum relative humidity at which fungi are able 
to grow is correlated with the concentration of the cell sap 
and consequently with the suction pressure exerted by the 
hypha. The suction pressures calculated for a number of 
moulds varied from 27 atmospheres for Chaetocladium to 
the unusually high value of 217 atmospheres for species of 
Aspergillus and Penicillium ( 786 ), and were directly corre¬ 
lated with the ability to grow at relatively low humidities. 

Many stored products, including grain and textiles, 
become damaged by moulds if the humidity of the atmo¬ 
sphere, and consequently the moisture content of the 
goods, rises above the safety level. Moulds in general require 
less moisture than bacteria, so that mould damage is the 
most frequent form of microbiological deterioration of 
stored products. Thus it is desirable to keep such goods at 
a moisture content below the minimum for mould growth. 
This minimum has been determined to be 15*6 per cent., 
14-4 per cent., 16-2 per cent, and 12-14 per cent, for stored 
grain of wheat, barley, oats and maize respectively ( 9 , 19 ). 
Aspergillus glaucus is able to grow on maize when the 
moisture content of the grain is 14-3 per cent. A number of 
other species of Aspergillus require slightly more moisture, 
while A, niger and A. fiavus do not develop when the 
moisture content is less than 18*3 per cent. The require¬ 
ments of certain other fungi occurring on maize grain are: 
Penicillium spp., 15-6-20'8 per cent.; Fusarium monili- 
formCy 18*4-21*2 per cent,; Diplodia zeae^ Gibberella zeae 
and Nigrospora sphaerica^ above 21-5 per cent. Fusarium 
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competes with Aspergillus spp, and Penicillium spp. if 
the moisture content is above 23 per cent. Serious com¬ 
mercial damage takes place only if the moisture content is 
1^-2 per cent, higher than the absolute minimum for 
growth ( 403 ). In a wet season the harvested grain often has 
a moisture content of 24-28 per cent., and is thus certain 
to become damaged by mould growth if put into storage 
without preliminary drying. The high moisture content of 
English wheat compared with American was one of the 
chief problems of storage of wheat during the Second World 
War.feugar, when put into storage, seldom contains more 
than 2 per cent, moisture, but this is distributed in the 
form of a film of molasses over the surface of the crystals 
and a very slight increase in moisture content is sufficient 
to allow the growth of species of Aspergillus^ Penicillium 
and certain yeast-like fungi in the film ( 757 ). Textiles, 
particularly cotton goods, are liable to mould damage if the 
moisture content is more than 8 per cent.\ ( 756 )/Thc use of 
fungicides as an additional control measure is possible 
here, however, whereas it is of limited application for the 
prevention of spoilage of food-stuffs.j The seasoning of 
timber, which often involves kiln-drying, is also designed 
to dry .the wood and thus render it less liable to fungal 
attack, tof recent years the practice of preserving food by 
desiccation has increased. Milk, eggs, potatoes and other 
vegetables have all been treated successfully in this way. 
Such products are not necessarily sterile, but most fungal 
spores are destroyed by prolonged storage under conditions 
of complete desiccation. Those which survive, together 
with bacterial spores, are unable to develop until the pro¬ 
duct becomes moist. \ 

The growth of soil-inhabiting fungi is greatly influenced 
by the moisture content of the soil. Those fungi which have 
a free-swimming (zoospore) phase in their life-history are 
favoured by a high soil moisture, but certain others are 
unable to grow in very wet soil owing to poor aeration. 

B. Drought Resistance 

Many fungi are able to survive long periods of drought 
by means of resting spores possessing thick walls and 
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lacking vacuoles. Others produce resistant sclerotia which 
have an outer layer of thick-walled elements- Certain soil- 
inhabiting plant pathogens, such as Pythium^ which is one 
of the causes of damping-ofif of various seedlings, can be 
destroyed by keeping the soil in an air-dried condition for 
some time. Those which, like Rhizoctonia solani which is 
also a cause of damping-ofif, form sclerotia in the soil are 
unharmed by such treatment ( 193 ). Sclerotia of dififerent 
species differ in their resistance to drought, those of certain 
Basidiomycetes, such as Corticium {Rhizoctonia) are 
probably more resistant than those of certain Ascomycetes, 
such as species of Sclerotinia. Sclerotia of R* solani survive 
longer in air-dried than in moist soil, and they have been 
known to survive in a dry state in a corked tube for six 
years ( 556 ). In contrast, the sclerotia of the cotton root-rot 
fungus, Phymatotrichum omnivorunij survive best in a 

moderately damp soil ( 393 ? 749 )- In one experiment 
sclerotia of this fungus were all dead after three months’ 
storage in "dry” soil with up to 5 per cent, moisture con¬ 
tent; in soil with 10 per cent, moisture, some were still 
viable after a year, although the number of viable sclerotia 
was greatly reduced after only two months’ storage; 
viability was better preserved at 25 per cent, moisture, but 
above this the results were variable owing to germination of 
the sclerotia. 

Spores usually remain viable longer under comparatively 
dry conditions than when kept moist. Their resistance to 
extremes of temperature is also greater under dry condi¬ 
tions. 

c. Moisture Requirements for Sporulation 

Many fungi require more moisture for sporulation than 
for mycelial growth. Magnusia nitida and M. brachytricha 
grow over a range of 29*5-100 per cent, relative humidity, 
but produce conidia only over the range 60*7“100 per cent., 
while perithecia are produced by M. nitida over the whole 
range for growth, but by M. brachytricha only over the 
range 49-100 per cent, relative humidity ( 740 ). Exact 
figures are not available for most fungi, but every mycol- 
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ogist knows that material must be kept very moist to induce 
the formation of good crops of spores when these are borne 
on aerial hyphae, as with sporangia of downy mildews and 
conidia of the Hyphomycetes. 

The rate of growth of sporangiophores of Phycomyces 
nitens is influenced by humidity and fluctuates in response 
to sudden changes. An increase in humidity causes an 
increased growth-rate which gradually falls to the original 
rate ( 787 ), while a decrease in humidity is followed by a 
decrease in rate of growth and a slow return to normal. The 
sporangiophores curve away from local damp areas owing 
to the greater growth of the side nearest tlie source of 
moisture. 

The humidity of the atmosphere also influences the form 
of the conidiophores and spores. If a fungus such as Botrytis 
cinerea or Penicillium sp. is grown in a saturated atmo¬ 
sphere, the conidiophores are long and indefinite and few 
spores are produced. In a dry atmosphere the conidio¬ 
phores are very short and bear numerous spores. Inter¬ 
mediate humidities are most favourable to sporulation. 
High humidity influences the shape of the conidia of 
Ramularia vallisambrosaey the cause of white mould of 
narcissus leaves. Spores from very wet situations are shorter 
and broader and have fewer septations than those from 
drier habitats, while if infected leaves are kept in a moist 
closed box the newly formed spores are shorter than those 
formed before collection ( 303 ). This is not a general re¬ 
sponse of fungi to high humidity, since a moist atmosphere 
hastens the development of the spores of many species and, 
with those species producing a phragmo-type of spore, may 
lead to the production of longer spores witli more numerous 
septa than those formed in drier conditions. 

Fruit-bodies of certain Basidiomycetes are sometimes 
formed with tremelloid outgrowths on the cap bearing on 
their upper surface a hymenium of typical basidia. The 
pileus of Coprinus ephemerus may be made to develop such 
outgrowths by passing a stream of air over the develop¬ 
ing fruit-bodies ( 392 ). It is possible that the stimulus 
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D. Effect on Spore Discharge and Dispersal 

The discharge of fungal spores is often influenced by the 
humidity of the surrounding air (i d). Many fungi discharge 
their spores violently, often to a considerable distance, 
through the bursting of a turgid cell. Pilobolus (370), 
Basidiobolus (372) and Empusa, among Zygomycetes, 
discharge their sporangiospores or conidia in this way. 
The asci of many powdery mildews, Pyrenomycetes and 
Discomycetes, explode and shoot the ascospores outwards. 
It is obvious that such mechanisms will not work under dry 
conditions. The asci of the Discomycetes exhibit the 
phenomenon of puffing, that is, a large number of them 
discharge their spores simultaneously when the apothecium 
is disturbed. A number of the asci reach a state of turgidity 
and remain in that state until caused to explode by some 
stimulus. This may be a jerk or a rise in temperature, but 
is often a sudden change from a high to a low humidity, as 
when fruit-bodies in a closed box are suddenly exposed to 
the relatively dry air outside. 

The ascospores of Chaetomium spp. are shed into the 
cavity of the perithecium and are extruded through the 
ostiole as a result of the swelling of the mucilaginous con¬ 
tents of the perithecium following the intake of water. A 
similar mechanism is seen in the extrusion of the spermatia 
of the rusts from the spermagonia or of conidia from the 
pycnidia of certain members of the Sphaeropsidales such as 
Phoma or Septoria. Here again spore discharge is obviously 
dependent on moisture. Short periods of desiccation cause 
the conidiophore of Peronospora tabacina and of certain 
other downy mildews to contract (585). A return to humid 
conditions causes a rapid straightening of the conidiophores 
which may jerk the conidia off. Teleutospores of Puccinia 
tumida may also be discharged by the action of water on 
the hygroscopic stalks (575). Some such mechanism may 
account for the fact that the conidia of certain disease 
organisms, such as Nectria galligena^ the cause of apple 
canker, are discharged only during rainy weather (336). 
Basidiospore discharge in the Hymenomycetes is ^so 
dependent on moisture and ceases if the fruit-body becomes 
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dry (lo?)* The more fleshy varieties do not recover from 
desiccation, but leathery varieties, such as species of 
Lenzites or Marasmius^ and gelatinous forms, such as the 
Jew’s ear, Hirneola auricula judaCy resume spore discharge 
when remoistened even after a long period of desiccation. 
In Schizophyllum commune the gills are split longitudinally, 
and in dry weather these curl over and protect the hymen- 
ium. The leathery or woody fruit-bodies of Daldinia con- 
Centrica ( 373 ) or the stromata of Endothia parasitica ( 349 ) 
or Diatrype disciformis (i d) resume the discharge of asco- 
spores when moistened after a period of desiccation. 
Hygroscopic movements of particular layers of the perid- 
ium play an important part in the exposure of the gleba of 
certain Gasteromycetes, such as Geaster spp. (i d), and lead 
to the violent discharge of that of Sphaerobolus stellatus 

(785)* 


3—LIGHT 

A. Effect on Growth-rate 

The effect of light on the rate of growth of fungal hyphae 
varies with the intensity of illumination, with the length of 
exposure and with the wave-length. Different fungi vary 
considerably in their response to light. Light of the in¬ 
tensity of diffuse daylight usually has little influence on 
growth-rate of vegetative hyphae, but light of high in¬ 
tensity, comparable to that of sunlight, particularly when 
blue or ultra-violet rays preponderate, may retard or inhibit 
growth or may have a lethal effect. Growth of reproductive 
structures, such as the sporangiophore of species of Phyco- 
myceSy is often stimulated by light of moderate intensity. 

The response of the sporangiophores of Phycomyces 
nitens and P, blakesleeanus to light has been studied in 
detail (45-48,13 2-138,5 66, 809). Growth in length of these 
single-celled hyphae is practically linear over a period of 
six to twelve hours under constant conditions in darkness, 
and this, together with their large size and erect habit, 
make them particularly suitable objects for study. 

If a sporangiophore which has been grown in darkness is 
exposed to equal illumination from four sides, the rate of 
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elongation is temporarily increased. This was termed by 
Blaauw the 'light-growth response/’ Similarly, if a culture 
which has been growing in the light is transferred to dark¬ 
ness, a temporary decrease in growth-rate occurs, followed 
by a return to the original rate. This is termed the "dark- 
growth response.” Detailed investigations of the effect of 
light intensity on growth have shown that with high inten¬ 
sities the reaction time (i.e. the time from the beginning of 
the exposure to the first visible response) is short and the 
resulting increase in growth-rate large, but that this is 
followed by a fall to a rate less than that in darkness. With 
weak light the reaction time is relatively long, the response 
is weak, and no subsequent depression of growth-rate 
below that in darkness can be determined. Nevertheless, a 
measurable response follows an exposure of only one 
second to light* of 0*01 metre-candles intensity ( 45 ). Castle 
( 138 ) points out that since the cell wall exerts a high resist¬ 
ance to turgor pressure, a slight change in physical con¬ 
ditions may upset this equilibrium and lead to a large 
expansion or contraction, so that it is not surprising that a 
relatively large response follows exposure to a minute 
amount of radiation. 

Sensitivity to light decreases with further exposure, but 
is restored if the sporangiophore is replaced in the dark 
("dark-adaptation”). Castle { 136 ) concludes that response 
to illumination consists of at least three parts: "(a) an 
exposure period during which photochemical change 
occurs, ( 6 ) a 'latent period’ involving products directly 
consequent upon the photochemical action, and (c) an 
action time occupying a further interval before the growth 
acceleration appears.” He concludes that a "light-sensitive” 
substance is formed in the dark which is subsequently 
activated by light. The accumulation of this substance in the 
dark accounts for the phenomenon of "dark adaptation” 
by which sporangiophores kept in the dark become more 
sensitive to light. The light- and dark-growth responses are 
then due to opposite changes in the concentration of a 
growth-regulating substance. The fact that the latent 
period for the dark response is longer than that for light 
response suggests that this substance is activated in the 
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light faster than the activated form is de-activated or used 
up in the dark. 

One-sided illumination of a suitable intensity leads to 
a positive phototropic curvature of the sporangiophorc 
(i.e. the sporangiophorc bends towards the source of light). 
Owing to the lens effect of the transparent cylindrical 
sporangiophorc, the side farthest from the source of light 
actually receives more light than the proximal side (138). 
If one supposes that light is absorbed throughout the cell 
and that this absorption produces a secondary effect on the 
wall, then the longer absorbing path (as much as 25 per cent, 
longer) of the back as opposed to the front half of the 
cell (Fig. 27 , c) will over-balance the slight loss of intensity 
of light during passage through the cytoplasm (138). The 
most striking demonstration of the influence of refraction 
is the classic experiment of Buder (106), in which unilateral 
illumination of sporangiophores immersed in paraffin oil 
of high refractive index resulted in a negative instead of a 
positive curvature, since under these conditions the proxi¬ 
mal side received more light than the distal one. 

With sufficiently high light intensity no curvature re¬ 
sults, even though the illumination is within the limits 
capable of producing the light-growth response, although 
a curvature may be produced by reducing the time of ex¬ 
posure. It can he shown that there is a maximum value of 
illumination above which no further increase in growth 

Fig. 27 . —Phototropism. 

(a) Diagram of sporangium (S), sub-sporangial vesicle (V) and sporangiophore of 
Filobolus sp., arranged so that long axis is at an angle to the rays of light (shown as 
black lines, with the direction of light indicated by arrows). The rays are unable to 
penetrate the sporangium with its thick black wall and mass of black spores. Those 
falling upon the sub-sporangial vesicle are refracted and concentrated on a small area 
opposite to the source of light. The stimulus sets up a reaction which, according to 
BuUer, is transmitted in the thin cytoplasmic lining of the vesicle downwards to the 
stalk, which curves by differential growth until the axis of sporangium and vesicle is 
parallel to the light rays as in (6). The rays arc then refracted, so that they fall upon 
an area of thicker cytoplasm (()) at the base of the vesicle. This area contains an 
orange pigment, and is compared by BuUer to the oceUus or eyespot of certain 
BageUates (after BuUer). (c) Diagrammatic representation of sporangiophores of 
Phycomyces sp., Uluminated unilateraUy (seen in transverse section). The rays are 
refracted so that they are concentrated on the waU remote from the source of Ught. 
The ^sorption path in the distal part of the ceU is seen to be longer than that in the 
proximal path, so that, aUowing for reduction in intensity through absorption of light 
during passage through cell, the distal half actuaUy receives more light than the 
proximal half (after Castle). 
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takes place, and the phenomenon of 'Mndifierence” to one¬ 
sided illumination at high light intensity may be explained 
by the amount of illumination received by both sides of the 
cylinder being above this critical maximum value so that no 
differential growth results (13 5). Early investigators claimed 
that with still higherlightintensities a negativepholotropism 
occurred (567), but more recent work shows that this was 
due to the effect of heat, and that if the red rays are screened 
out no such negative curvature results (136). 

A somewhat similar lens effect is seen in the sporangio- 
phore of Pilobolus, which forms a large ellipsoidal swelling, 
the subsporangial vesicle, immediately below the sporan¬ 
gium (Fig. 27 , a, 6). If the rays of light are parallel to the 
long axis of this swelling, no curvature results, but if the 
rays strike the swelling obliquely, they are refracted and 
converge to give a spot of light on the other side. Curvature 
then follows until this spot of light is oriented at the base 
of the swelling, i.e. until the long axis is parallel to the 
light rays (Fig. 27 , b). In some species there are drops of 
orange-coloured oil at the base of the subsporangial vesicle 
which have been compared with the eyespot of certain 
flagellates (108). The biological advantage of this response 
to one-sided illumination is that through it the sporangio- 
phore becomes oriented in such a manner that it points 
directly away from the dung ball on which the fungus is 
growing, and thus increases the chance of the sporangial cap 
containing the spores being shot clear of the old substrate. 
Many other fungi which shoot their spores away by an ex¬ 
plosive mechanism are phototropic, and thus become ad¬ 
justed in such a manner that the spores tend to be shot 
away from the stale substrate. Coprophilous fungi, in 
particular, show phototropism of the whole or part of the 
fruiting body. Thus the necks of the perithecia of certain 
Pyrenomycetous fungi, such as Sordaria and Podospora, 
are phototropic, as are also the actual asci of most Dis- 
comycetous fungi. The stipes of fruit-bodies of some agarics 
and the entire fruit-body of Sphaerobolus stellatus are 
phototropic. The mechanism of phototropism has not been 
studied with the majority of these. 

Both Phycomyces and Pilobolus are more sensitive to 

182 


GROWTH AND SPORULATION 

light of relatively short wave-length ( 134 ) 
resemble the oat coleoptile ( 381 ). Fig. 28 shows the 
results obtained by various workers for sporangiophores of 
Phycomyces blakesleeanus, P. nitens and Pilobolus sp. 



Wave Length in m/i 


Fig. 28.—Effect of Wave-length of Light on Growth. 

The curves with black crosses, black squares and black circles show Ae 
efficiency of Ught of various wave-lengths in increasing the rate of gro^ of PAy- 
romyces blakesleeanus (dau from CasUe), P. nitens (data from Blaauw) and 
Pilobolus sp. (data from Parr), respectivdy. Arrangement after UsUe. 


The optimum in each case lies between 380 and 520 m/i. 
The sporangiophores of Phycomyces require an exposure 
to orange light of 2,000 times that to blue light to give the 
same curvature ( 80 ^), and similarly those of Pilobolus turn 
towards a tungsten lamp, which emits a high proportion of 
blue rays, more readily than to a carbon lamp of tvdce the 
total candle-power ( 3 77)" presentation time (i.e. the 

length of exposure required to give a perceptible response) 
for Pilobolus varies in inverse ratio to the square-root of 

the wave frequency ( 6 , 382 ). , , v 1 . 

The similarity between these curves and the tight- 
absorption curve of the orange pigment caroteiw h^ 
suggested that carotinoids may be concerned in the ab- 
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sorption of light (no) and may be the ''light-sensitive” 
substance postulated by Castle ( 136 ). The presence of such 
an orange pigment in the "eye-spot” of Pilobolus and in 
the sporangiophores of Phycomyces has been demonstrated. 

Work with the Avena coleoptile has shown that unilateral 
illumination leads to a redistribution of the plant growth- 
substance auxin a within the coleoptile. No attempt to base 
an explanation of phototropism on the auxin theory has 
been made with the fungi, and it is obvious that the 
mechanisms cannot be identical, since the effect of light of 
moderate intensity on the green plant is to reduce the rate 
of growth while, as we have seen, that of Phycomyces is 
increased. Van Overbeek (570), however, has put forward 
the interesting suggestion that the action of light may in¬ 
crease acidity within the cell wall. It is known that such an 
increase of acidity leads to an increased activation of growth- 
substances, such as indole- 3 -acetic acid. This growth-sub- 
stance is present in most fungi, but its effect on growtii-rate 
has not been convincingly demonstrated. 

B. Effect on Colour and Form 

Light not only influences the growth-rate of certain 
hyphae, but may exert a profound effect on their morpho¬ 
logical characters. The pigmentation of fungi is often de¬ 
pendent upon light. Observations of the pale colour of 
certain fungi when grown in the dark were made as early 
as 1851 ( 68 ). The colour of the mycelium of many fungi, 
such as Fusarium oxysporum ( 699 ), intensifies with increase 
in light intensity. If after illumination a culture of such a 
fungus is placed in the dark, the new growth is colourless, 
showing that the effect of light does not persist after illu¬ 
mination ceases. Colour production is greatest when the 
culture is exposed to light of short wave-length, and may be 
a method of protection from the lethal effect of strong blue 
or ultra-violet light. As will be seen in the next chapter, 
pigmented spores are less easily harmed than colourless 
ones. 

Amounts of illumination too small to prevent growth 
may yet prevent cell division, thus leading to the produc¬ 
tion of "giant cells” ( 253 ). Hyphae of Mucor stolonifer 
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exposed to sublethal doses of ultra-violet light become 
d'^insely granular with swollen tips (689). The length and 
degree of septation of conidia, such as those of species of 
Fusarium (328) and Helminthosporium (367), the size of 
fruit-bodies of certain Pyrenomycetes ^ and the number of 
setae or bristles surrounding the acervuli of certain species 
of Colletotrichum (730) are among the morphological 
characters influenced by light. Since characters such as 
these are commonly used as diagnostic characters (708), 
the importance of a controlled environment when culturing 
fungi for identification is obvious, and it is clear that 
original descriptions of new species are of greater value if 
the conditions of culture are clearly stated. 

c. Effect on Sporulation and Discharge of Spores 

The most striking effect of light of moderate intensity on 
the growth of fungi is, however, that on spore production. 
Fungi may be divided into four groups according to their 
light requirements for sporulation. 

(i) Many are able to form spores in complete darkness, 
and do not show increased spore production in the light. 
Most species of the common moulds, such as Mucor^ 
Penicillium and Aspergillus, sporulate equally well in light 
or dark. The perithecia of many Pyrenomycetes are also 
formed equally in the presence or absence of light. 
Mushrooms {Psalliota campestris) are commonly culti¬ 
vated in caves or cellars, and some other agarics are equally 
independent of light for the production of fruit-bodies. 

(ii) Some fungi which produce spores in the absence of 
light do so more freely when illuminated. Species of 
Fusarium and Macrosporium commonly belong to this 
class (24, 609). These fungi frequently show zonation when 
exposed to diurnal alternation of light and darkness owing 
to the production of zones of intense spore production in 
response to periods of illumination. Ultra-violet light in 
small doses often has a stimulatory effect on sporulation, 
and certain fungi commonly placed in the Fungi Imper¬ 
fect!, such as Colletotrichum lagenariumy have been 
induced to form the perfect or ascigerous stage by irradia- 

^ Hawker, unpublished data. 
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lion ^vith ultra-violet light (731). In general, however, 
strains which do not normally fruit cannot be induced to 
do so by this means, although those wliich normally fruit 
sparsely may be induced to do so more freely. Many 
observers claim that increased sporulation follows a slight 
check to growth as a result of irradiation. 

(iii) Light at some stage in devclo[)ment is essential for 
the production of sjiores by a number of fungi. Some need 
light to initiate spore production, after which further 
development proceeds independently of conditions of 
illumination, as with certain species of Coprinus (107). 
Others produce rudimentary spore-bearing structures in 
the dark, but these arc unable to mature in the continued 
al)sence of light, as willi species of Pilobolus {77). Others 
again need light both for the initiation and maturation of 
spores, as with Plenodomus maculans (163), certain dis- 
comycetous fungi, including Pyronema conjluens (654) 
and Ascobolus spp. The type of spore produced may also 
depend on illumination, as with Sporodinia grandis (25), 
which produces zygospores in the dark and sporangia in 
tlie liglit. The proportion of macro- to microconidia of 
species of Fusarium is increased by illumination (328). 
'I’hc diurnal rhythm of spore production shown by some 
fungi is a result of alternating periods of light and darkness, 
and may be altered by altering the relative length of these. 
Sporangia of species of Pilobolus mature at a definite time 
each day (483), and it may readily be shown that this is 
a result of the stimulus of light by exposing the culture to 
different combinations of dark and light periods. Similarly, 
the emergence of sporangiophores of certain downy mil¬ 
dews from the host leaf takes place about midnight, and the 
spores are mature by 9 a.m. (831), while conidia of certain 
powdery mildews regularly mature in the afternoon (830). 
This periodicity is independent of changes in temperature 
and humidity within wide limits, but is readily influenced 
by artificial changes in the incidence and duration of the 
light and dark periods. Either continuous light or continu¬ 
ous darkness reduces sporulation of some of these fungi. 
Thus sporulation of the downy mildews of hop, onion, 
grape and lettuce is inhibited by artificial light at night, 
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while conidia of Erysiphe polygoni are not produced when 
the daily period of light is less than four hours or longer 
than twenty hours. When light is essential for some stage 
in sporulation, it has been shown by a number of investiga¬ 
tors that blue and ultra-violet rays are the most effective. 

(iv) Light has an inhibitory effect on the sporulation of 
a few fungi. The developmenf of the rudimentary fruit- 
bodies of Coprinus sterquilinus (107) is checked by strong 
light, so that only those at the base of the dung balls de¬ 
velop. Some fungi show zonation due to increased sporula¬ 
tion in response to periods of darkness. 

The effect of light on sporulation may vary with other 
external conditions. Thus Mucor flavidus forms sporangia 
in the dark when growing on a solid medium, but is 
unable to do so in the absence of light when growing on a 
liquid one (431). 

Some fungi, including certain agarics (107) and many 
Pyrenomycetes (371), discharge their spores only when 
illuminated, but this may be due in part at least to a rise 
in temperature through radiation (245). Discharge of 
mature spores of Pilobolus (77), Ascobolus (184) and 
Coprinus (107) may be delayed by placing the cultures in 
the dark. If fruit-bodies of Coprinus are illuminated daily 
during development until the expansion of the pileus, the 
spores are shed even in darkness. 

D. Zonation Caused by Alternation of Light and Dark 
Periods 

Alternating periods of light and darkness are the most 
frequent cause of zonation in fungi. Light causes colour 
changes in the growing mycelium of Alternaria brassicae 
(732), so that conspicuous zones, corresponding to the 
regions of growth in daylight and in darkness, result if the 
cultures are exposed to the ordinary diurnal changes in light 
intensity. The effect of daylight on the intensity of spor^a- 
tion leads to the formation of alternate sterile and fertile 
zones when sensitive fungi are exposed to alternate periods 
of light and darkness. Most frequently a zone of intense 
sporulation results from the stimulatory effect of a period 
of light, as with Sclerotinia fructigena (317, 528), Fusar- 

187 



PHYSIOLOGY OF FUNGI 

ium fructigenum (99) and other species of Fusarium (42, 
709). Less commonly the effect of daylight is inhibitory, 
and the fertile zones correspond to the periods of darkness, 
as with Sclerotinia fructicola (317), Phyllosticta sp. (732) 
and Cephalothecium roseum (280, 350). The wave-lengtli 
of the light is important. Some observers claim that only 
blue or white light is effective, while others obtained zona- 
tion even on exposure to red or orange light. Zonation in 
certain species of Fusarium followed a six-minute ex¬ 
posure at one metre distance to a carbon lamp of 25 candle- 
power, while an exposure of 2 - 3 ^ minutes to a tungsten- 
filament lamp of similar candle-power but which gave a 
greater proportion of light of low wave-length was equally 
effective (42). 

The phenomenon of zonation has been most fully 
studied with Sclerotinia {Monilia friictigena) (317) and 
Fusarium fructigenum (99). With both these fungi, zona¬ 
tion in alternating light and darkness is caused by the 
stimulatory effect of light on the production of conidia 
(Plate III, Fig. 6). Zonation does not occur in liquid 
media unless the colonies are supported on cellophane 
sheets or some similar support. Only the marginal growing 
parts of the colony are susceptible to the influence of light, 
hence it is obvious that zonation will not occur on media 
producing rapid staling, since it is a condition of regular 
zonation that the growing edge should be maintained from 
day to day in a similar physiological state which is not so in 
a staled culture. If cultures of S. fructigena on potato agar 
are exposed to the ordinary diurnal alternation of light and 
darkness, they produce a single distinct ring of spore¬ 
bearing aerial hyphae at a short distance from the inocu¬ 
lum, but the growing margin then becomes irregular in 
outline and no more rings can be distinguished. If, however, 
the medium is acidified by the addition of a small amount 
of a suitable acid (such as malic or tartaric acid), the rate of 
linear growth is maintained, the growing margin continues 
to be even, the outline of the colony is circular and regular 
concentric rings are formed in succession. Similarly, the 
nature of the source of nitrogen in the medium and the 
carbon-nitrogen ratio are important through their influence 
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on the pH of the medium and consequently on the ten¬ 
dency to produce the staling type of colony. 

Concentration of the medium influences zonation, not 
only through its effect on degree of staling, but also through 
its effect on the vigour of growth. Media which are so 
dilute that few or no spores are produced are obviously 
unsuitable for the development of this type of zonation, 
while those which are so rich that the aerial mycelium is 
profuse all over the plate or which are so concentrated that 
spore production is inhibited are equally unsuitable. On 
some media Fusarium fructigenum produces a continuous 
sheet of spores over the whole surface of the plate and again 
zonation does not develop. 

Fungi differ in their innate ability to form concentric 
rings. Thus Sclerotinia fructicola produces them over a 
wider range of pH than does 5. fructigena. Strains of 
Fusarium fructigenum derived from the same parent strain 
differ widely in their ability to form zones. Some form dis¬ 
tinct rings, made conspicuous by the pink colour of the 
spores, when exposed to alternating daylight and darkness 
and produce less distinct zones, which do not correspond 
in number to the diurnal periods, when grown in complete 
darkness at constant temperature. Others under similar 
conditions of alternating light and darkness produce less dis¬ 
tinct rings or produce them on a different range of media. 
Others never form zones under any conditions. In general, 
this ability to form zones is inversely correlated with the 
tendency to staling shown by the particular strain. 

It might be expected that where zonation is due to 
differential growth in light and darkness, the growing fungus 
would form the "light type” of growth during the day and 
the "darkness type” during the night. Analysis of the rela¬ 
tion between light periods and the position of the resulting 
zones shows that the matter is more complicated. Light acts 
as a stimulus, the effect of which persists during the early 
part of the dark period. There may also be a lag period after 
the commencement of the period of illumination before 
the effect on growth becomes visible. Fig. 29 shows the 
relation between various periods of illumination and the 
time of initiation of the ridge-like sporulating zones of 
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Yio , 29.— Effect of Light on Zonation of Cultures of "Sclerotinia 

fructicena” (after Hall). 

The thin black lines represent the margins of the colonies growing outwards from 
left to right as indicated by arrows (scale at top of diagram), (o, b, c, d) Stages in 
formation of a ridge in a culture exposed to light from 10 a.m. to 6 p.m. each day. 

(а) represents the culture at 10 a.m., at the beginning of the light period. A zone of 
flat mycelium extending to X surrounds the last ridge (height exaggerated) at A. 

(б) Shows same culture at 6 p.m. at end of light period. Margin of colony has extended 
beyond X, but no further ridge has developed, (c) Shows beginning of a ridge (B) at 
point X, and (d) shows nearly complete ridge (B) at 10 a.m. on following day, so that 
the ridge was formed almost entirely during the dark period as a result of a previous 
exposure to light, (e) Shows relation of ridges to exposures to light (shown as white 
patches in thick line) of seven hours on each of five consecutive days (1-5). Five 
ridges (A-E) were produced, together with a subsidiary ridge (F). (/) Shows a culture 
which has formed as many as three such subsidiary ridges in response to a single 
exposure to bright light of six hours’ duration. 

Monilia fructigena in response to the light. When the 
period of illumination is long, as with daylight at mid¬ 
summer, the new ridge begins to form before the end of the 
light phase, but with shorter light periods the ridge is 
actually formed entirely in darkness. Two short exposures 
to light result in a single ridge. When a culture which has 
been exposed to alternating light and darkness is placed in 
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continuous darkness, not only does a ridge form as a result 
of the last period of illumination, but one or more subsi¬ 
diary ridges may develop. No interpretations of the forma¬ 
tion of such subsidiary ridges is available except some such 
periodicity of branching as that put forward to explain 
zonation under uniform conditions (p. 32). 

Concentric rings of spores or of fruit-bodies or sclerotia 
may occur on the host plants, as with Monilia fructigena 
and certain other apple-rotting fungi on the apple fniit, 
Gloeosporium musarum on banana fruit, Colletotrichum 
lindemuthianum on pods of the French bean, Ascochytapisi 
on pea pods and numerous species of Phoma, Phyllosticta 
and Septoria on various leaves. Thus conditions in culture 
must to some extent reproduce those on the host plant. 

E. Toxic Effects of Radiation 

The varied effects of light on growth and development 
already described are those obtained with light of moderate 
intensity. With sufficient increase in intensity, light in¬ 
hibits the growth of all fungi, and with further increases 
it exerts a lethal effect. Moulds and fungal spores are in 
general much more resistant to the lethal effect of light 
than are bacteria, and this has been cited as an explanation 
of the prevalence of fungal spores in the upper atmosphere 
( 8 oi). Yeasts are not usually significantly more resistant 
than bacteria. Pigmented yeasts are more resistant than 
colourless ones ( 743 ). It has been shown by many observers 
that ultra-violet light of sufficient intensity has the most 
harmful effects. This is true for organisms in general, since 
the protein constituents of protoplasm have a maximum 
absorption in the ultra-violet region of the spectrum. Aerial 
mycelium of Glomerella cingulata ( 728 ) was killed by 15 
seconds* exposure to a mercury-arc lamp at 21 cm. distance, 
while exposure to light of wave-length of 3,630-3,650 A 
at 60 cm. gave ^'inhibition of growth and collapse and 
probably death of the aerial hyphae** of Colletotrichum 
lindemuthianum and Cephalothecium roseum (593)- De¬ 
tails of the intensity and wave-length of the illumination 
are not always given by authors, but there is general agree¬ 
ment that ultra-violet light of sufficient intensity is idways 
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lethal, although the amount of illumination required differs 
with different fungi. Age of the culture, pigmentation, 
conditions of temperature and humidity during exposure, 
and the shielding effect of tiie medium, all tend to modify 
the resistance of the fungus (203, 204, 696, 697). Irradiated 
hyphae may grow down into the medium away from the 
light (205). Sub-lethal amounts of irradiation usually cause 
a depression of growth-rate, which may be followed by a 
temporary increase. Sporulation may also be inhibited by 
a sub-lethal degree of illumination (750) or growth and 
sporulation may be stimulated in a zone immediately sur¬ 
rounding the illuminated area. Miicor guillerirnondii pro¬ 
duces numerous sporangia in such a zone, while M, 
genevensis produces zygospores in such numbers as to 
form a black border to the killed zone (538). The effect of 
ultra-violet light on the hyphae of M. stolonifer has been 
examined in detail ^(689). On irradiation with diffuse ultra¬ 
violet light ( 2,900 A) growth continues at the normal rate 
for a period, depending on the intensity of the light, and 
is then retarded. With continuous irradiation the growth 
rate falls progressively until growth stops. The hyphae do 
not then recover the power of growth even if irradiation 
ceases. If, however, irradiation ceases before growth stops, 
the rate may continue to fall and may even reach zero, but 
the hyphae usually resume growth after an interval. 
Basidiomycetes, excluding rusts and smuts, are often very 
intolerant of ultra-violet light, and this has been suggested 
as an additional reason for the formation of their fruit- 
bodies chiefly in autumn when natural illumination is 
declining (205). Attempts to control dermatophytes (fungi 
causing skin diseases) and certain plant pathogens, such as 
rusts, by irradiation of the host have met with little success, 
probably on account of the shielding effect of the host 
tissues (146, 204). The effect of irradiation on the survival 
of fungal spores will be considered in the next chapter. 

F. Acceleration of Mutation Rate by Radiation 

A common effect of irradiation with ultra-violet light is 
the acceleration of mutation rate. This has already been 
considered in a previous chapter (p. 36 ). 
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G. Irradiation with Non-visible Rays 

The effects of irradiation with rays other than those of 
visible light, with the exception of ultra-violet, have been 
less studied. X-rays, infra-red rays and Hertzian rays are 
reported to have little or no effect on three fungi {Collybia 
dryophila, Fusarium hatatis and Sclerotium hataticola) 
selected for experiment, while gamma-rays were slightly 
inhibitory and Schumann rays were more destructive 
than even ultra-violet ( 379 ). These were also lethal to hya¬ 
line spores, but not to coloured ones (71). Growth of 
Aspergillus niger was stimulated by exposure to low- 
velocity cathode rays (105). 

4^GRAVITY 

The response of fungi to gravity has not been much 
studied, but it is known that many of them orient them¬ 
selves in accordance with the direction of the gravitational 
pull. Vegetative hyphae are usually ageotropic, that is, 
their direction of growth is independent of gravity. Repro¬ 
ductive structures, however, are often geotropic. The most 
frequent references to geotropism in fungi relate to the 
fruit-bodies of the higher Basidiomycetes. Most of our 
knowledge of the geotropic adjustment of these structures 
is due to Buller (107), whose pioneer researches into the 
mechanism of spore dispersal among fungi have stimu¬ 
lated many recent workers. It is desirable that research 
should be directed towards an interpretation of tropisms 
in fungi based on the study of growth-regulators. At present 
nothing is known of any mechanism in fungi comparable to 
the redistribution of auxins in the higher plants. 

The basidiospores of the Hymenomycetes are shot off 
from the basidium, but they usually only reach a distance 
of about O'l mm. from the basidium before thoy begin to 
fall under the influence of gravity. Hence, it is an essential 
of successful spore diapers^ that the hymenium should be 
so oriented that the basidiospores do not fall back upon it 
or on to a neighbouring hymenial surface. This orientation 
is brought about by the influence of gravity and, to a lesser 
extent, of light. Some of the simplest forms develop a 
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crust-like fruit-body, and Duller considers that the position 
of the hymenium is controlled by gravity, so tiiat it only 
develops on the lower surface of the branch or other 
substrate, thus allowing the spores to fall clear of the parent 
fruit-body, after which they are carried away by air currents. 
Slightly more complex forms, such as Stereurn, produce 
their spores on the lower surface of horizontal bracket¬ 
shaped outgrowths. The orientation of these brackets in a 
horizontal plane and the development of the hymenium on 
the lower surface only are probably controlled by gravity. 
Similarly, the "dorsiventrality of every part of each curled 
branch” or plate of the complex fruit-body of Sparassis 
crispa is probably brought about by the stimulus of 
gravity, as is also the erect position of the club-shaj)ed fruit- 
bodies of Clavaria spp. 

The more complex fruit-bodies of the Ilydnaceae, 
Agaricaceae and Polyporaceac, in which the hymenium is 
developed over the surface of spines, flat lamellae or gills 
and pores or tubes respectively, are dependent on geotropic 
movements for the orientation of the fruit-body as a whole 
and of the spore-bearing parts in particular. Thus the teeth 
of species of Hydnum are positively geotropic, that is, they 
grow vertically downwards, so that the basidiospores are 
shed in a manner which avoids wastage that would result 
from the spore falling back into the hymenium. The 
agarics (mushrooms and toadstools) show a complicated 
response to gravity, which varies with the species and with 
the environment. In general the stipe or stalk is negatively 
geotropic, thus bearing the young fruit-body upwards from 
the substratum. The region of greatest sensitivity is just 
below the pileus, and corresponds to the zone of most rapid 
elongation (738). If the fruit-body is displaced from its 
normal position, curvature of the stipe again brings the 
pileus into a horizontal position. These movements are 
described by Duller as a "coarse adjustment.” The gills 
themselves are positively geotropic, and grow vertically 
downwards from the lower surface of the pileus. They are 
very sensitive to small changes of position, and always 
orientate themselves in an exactly vertical position. This 
is termed by Duller the "fine adjustment.” Without these 
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complex geotropic responses the majority of the spores 
would be caught on the surface of the opposite g|ill 9 since 
these are often only a fraction of a millimetre apart. Only 
if the gills are exactly vertical have the spores a chance of 
falling free of them and reaching the open air, where they 
are carried away by air currents. The genus Coprinus is 
exceptional, in that the gills themselves are not geotropic. 
The basidiospores, however, ripen in succession from the 
lower part of the gill upwards. As soon as they are shed 
from the lowest part of the gill, the latter deliquesces and 
drips away in black inky drops (hence the popular name of 
"ink caps”). Thus the spores in the adjoining zone are not 
impeded in their fall by the lower parts of the gill. This 
process continues from below upwards until the whole gill 
has undergone auto-digestion. The basidiospores are dis¬ 
persed as successfully as in those forms with exactly vertical 
gills. Many species of Coprinus and of some other agarics, 
such as Lentinus, are also sensitive to light during the early 
stages of development. This enables the stipe to grow away 
from dark crevices in the substrate into the light, thus 
bringing the young fruit-body into the open arid enabling 
it to continue its development free of the constricting effect 
of the solid substrate. Moreover, with Coprinus stenjuilinus 
and some other coprophilous forms, strong light inhibits 
the early stages of development, and thus prevents the fruit- 
body initials on the upper surface of the dung balls from 
developing, while those at the base, which are more securely 
anchored to the substrate, develop. Gravity, however, is the 
chief factor controlling the later development. 

The fruit-bodies of the Polyporaceae are similarly 
oriented mainly in response to gravity. The stipe, where 
present, is normally negatively geotropic and the pileus is 
diageotropic, while the fine adjustment here is the growth 
of the pores or tubes which form so that their axes are 
absolutely vertical. Again, this allows the spores to fall 
vertically downwards without hitting the opposite side 
of the tube. The large perennial fruit-bodies of Fomes 
fomentarius are controlled by gravity throughout their 
development. The tubes sometimes function for from four 
to ten years, and thus for successful spore dispersal these 
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deep tubes must be formed in an exactly vertical position. 
The hard rough crust on the upper sloping surface of the 
fruit-body is plagiotropic and grows at an angle to the 
vertical. The relative position of this crust and of the tube 
layer are determined by gravity. 

Some of the larger Ascomycetous fructifications are 
geotropic. Thus gravity almost certainly controls the erect 
growth of the stipes of such fungi as Mitrula, Geoglossuniy 
Morchella and Helvetia, These have been less studied than 
the Basidiomycetes. 

Very little is known of the duration of stimulus necessary 
to produce a response or of the reaction time of these 
geotropic fruit-bodies. The stipes of young fruit-bodies of 
species of Amanita respond to a stimulus lasting only one 
minute. The reaction time increases from forty to sixty 
minutes with age, young specimens responding more 
rapidly than old ones. When placed in a horizontal position 
the stipe curves up at first slowly and then more rapidly 
until the vertical position is reached and passed. Curvature 
is then slowed up and finally ceases. If growth is still taking 
place, a reverse curvature follows, which may again bring 
the stipe past the vertical position (Fig. 30 ). After a rest, 
the direction of curvature is again reversed until finally the 
erect position is assumed (738). 

Nothing is known of the mechanism of geotropic 
curvature in the fungi, although presumably it must be due 
to the unequal distribution of some growth-regulator lead¬ 
ing to greater growth on one side. The author was able to 
obtain curvatures of the stipe of Collybia velutipes^ by 
cutting away half the young pileus or by decapitation and 
the replacing of the pileus or a block of "fruit-body- 
extract” agar asymmetrically on the stump. 

5—AERATION 

In some instances growth in liquid media may be in¬ 
creased by shaking or stirring the culture liquid or by 
bubbling air through it. Thus the replacement of the 
shallow-culture method of production of penicillin by the 

^ Unpublished data. 
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Fic. 30 .—Ceotropism of Fruit-bodies of Agarics. 

(a) Sporophore of mushroom as collected in field, showing curvature of base of 
stipe to bring upper part into vertical position. (6, ci, ca) Curvatures of stipes of 
fruit-bodies placed in an inverted (6) and horuontal (c) position r^pectiydy. In ci 
the stipe has curved sufficiently to bring the pileus into a horizontal position, but in 
b and ca the curvatures have not been sufficient to bring about correct reorientation 
(after Buller). {d) Young fruit-body of Amanita placed in horizontal position with a 
pin inserted in top of pileus as a marker, (e) Same fruit-body six hours later, when 
curvature of the stipe has brought the axis past the vertical. (/) Sev^tecn hours after 
the beginning of the experiment; the fruit-body has curved back, and again has 
passed the vertical position, (g) Twenty-four hours after the bepnnmg of the experi¬ 
ment; the pileus has been brought into a horizontal position (after Streeter). 


more efficient deep-culture method has been made possible 
by the development of methods of aerating the deep-culture 
vessels. The failure of many fungi to grow in an atmosphere 
saturated with water vapour is also attributed to poor aera¬ 
tion. Poor aeration involves both lack of oxygen and 
accumulation of carbon dioxide, or of ammonia or other 
harmful volatile products of metabolism. These effects will 
be considered separately. 
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A. Oxygen Concentration 

All filamentous fungi are obligate aerobes, unable to 
grow in the complete absence of oxygen. Even the yeasts, 
which, as already described in Chapter Four, are able to 
ferment sugarand produce alcohol and carbon dioxide under 
anaerobic conditions, show greatly reduced cell division 
in the absence of oxygen. Many other fungi pro<luce alcohol 
under more or less anaerobic conditions, but growth is 
always severely checked or, more often, entirely inhibited. 

Although oxygen is essential for the growth of fungi, a 
very minute amount is often sufheient. Micro-organisms in 
general are surprisingly insensitive to changes in oxygen 
concentration over a wide range ( 592 ). For example, some 
species of Penicillium grow over a range of oxygen pressure 
of from less than 0-01-3-5 atmospheres. Species of Botrytis, 
Fusarium and Alternaria, causing rotting of stored fruits, 
are also insensitive to variation of oxygen jiressure over a 
wide range ( 97 ). Reduction of oxygen concentration below 
the normal amount does, however, influence fungal growth. 
The type of effect depends on other environmental factors, 
particularly temperature and nutrition. Thus growth of 
Penicillium roqueforti (a mould used in cheese manufac¬ 
ture) is slightly inhibited at 30° C., when the oxygen con¬ 
centration is reduced by diluting ordinary air with nitrogen 
in the ratio of 1 part air to 3 parts nitrogen. At 21° C.*a 
similar dilution has no effect, while at 9° C. growth is 
actually accelerated and is not checked by further dilution 
to 1 part air to 9 parts nitrogen ( 289 - 292 ). Tlie red bread 
mould, Neurospora sitophila, grows well at a concentration 
of oxygen of only 0*3 per cent., but below this growtli is 
retarded, although it is only completely inhibited by an 
atmosphere in continuous contact with a layer of alkaline 
pyrogallol, in \vhich oxygen is entirely lacking. The require¬ 
ments of this fungus for the production of perithecia are 
more exacting, since an oxygen concentration of at least 
0*5 per cent, is necessary ( 190 ). Mushroom fruit-bodies 
formed in an atmosphere containing an unusually high 
concentration of oxygen are heavier and more compact 
than those formed in ordinary air ( 417 ). 
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Increased concentration of oxygen usually leads to an 
increase in rate of evolution of carbon dioxide and conse¬ 
quently in the utilisation of the substrate. Thus the rate of 
decay of wood through the action of such fungi as Poly- 
stictus versicolor is increased by increase in oxygen concen¬ 
tration ( 666 ). Decay of other products is probably simQarly 

accelerated. 

B. Carbon Dioxide Concentration 

Fungi are, in general, very much more sensitive to the 
concentration of carbon dioxide than to that of oxygen. 
Although the true beer yeasts will grow in an atmo¬ 
sphere of 100 per cent, carbon dioxide, the vast majority 
of fungi are inhibited by much lower concentration. It has 
been shown by many investigators that this inhibition of 
growth is due to the actual presence of carbon dioxide and 
not merely to absence of oxygen. Nevertheless, the organ¬ 
isms are not killed by carbon dioride, and will resume 
growth when restored to ordinary air. 

At low concentrations, increase in the amount of carbon 
dioxide may actually stimulate growth ( 221 ). Evidence that 
this gas is essential for the metabolism of some fungi has 
already been discussed (pp. 121-2). Organisms which rea^y 
produce ammonia, and therefore tend to develop an alkaline 
type of staling, may benefit from a relatively high concen¬ 
tration of carbon dioxide through neutralisation of the 

ammonia ( 98 ). 1 j- -j 

An atmosphere containing 10 per cent, carbon cuoxictey 

however, checks the growth of most fungi (97» 5^9)* 
concentration which inhibits growth varies with the species 
of fungus, with the individual (97) and vdth environment^ 
conditions, such as temperature and nutrition (97* 261,262). 
The retarding effect of a given concentration is greater at 
limiting temperatures than at optimum ones and under 
poor conditions of nutrition than under good ones. Thus 
growth of a strain of Penicillium roqueforti was almost 
completely inhibited by 75 per cent, carbon dioxide at 
29-4° C., partially inhibited at 21-1® C. (colonies about half 
the diameter of the controls) and totally inhibited at 
8-9° C. (291). Other species of Penicillium are less resistant 
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than P. roqueforti (760), but the members of this genus as a 
whole are much more resistant than are most other fungi. 
Table 27 gives the diameter of colonies of Botrytis cinerea 
and Fusarium fructigenum in air and in atmospheres con¬ 
taining 10 per cent, and 20 per cent, carbon dioxide at 

15 ° C. and 3 ° C. (97). 


TABLE 27 

Diameter in cm. of Colonies of“Botryti5 cinerea”and “Fusarium fructigenum” 
AFTER 56 Days’ Growth on Apple Gelatine in Air and Atmospheres of 
10 PER cent, and 20 per cent. COg at Temperatures of 15® C. and 3® C. 


Data from Brown ( 97 ) 


Fungui 

Temperature 

Air 

1 

10 per cent. 
CO^ 

20 per cent. 
COt 

B. cinerea . . : 

15® C. 

3-4 

20 

10 


3® C. 

3-4 

0-7 

00 

F. fructigenum . 

1 

15® C. 

3® C. 

20 

20 

1-8 

0-82 

M5 

0*36 


Spore production is often more readily inhibited by 
carbon dioxide than is vegetative growth. As little as 1 per 
cent, is injurious to the developing sporophores of the 
mushroom, while 5 per cent, causes abnormal growth and 
sometimes stunting or even death of the fruit-body (417). 
The production of sporangia by Mucor mucedo is more 
readily suppressed by carbon dioxide than is vegetative 
growth (466), In contrast the resting sporangia of Blasto- 
cladia pringsheimiana (234) are formed only in atmo¬ 
spheres containing a high concentration of carbon dioxide. 
It is not surprising that this fungus should tolerate such 
conditions, since it grows on submerged decayed organic 
matter where the activities of bacteria lead to such high 
concentrations. 

All investigators agree that the retarding effect of carbon 
dioxide is relatively greater at low than at more favourable 
temperatures. The cause of this effect, however, has not been 
determined. The important factor is probably the actual 
concentration of carbon dioxide within the fungal hypha. 
This will depend primarily upon the solubility of carbon 
dioxide in water and also upon the rate of respiration and 
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the rate of diffusion of the gas through the cytoplasm and 
the cell wall. The solubility of carbon dioxide in water 
increases with fall in temperature, but this increase is 
insufficient to explain the increased retarding effect ( 97 ). 
Moreover, the degree of retardation varies with different 
fungi under the same environmental conditions. On the 
other hand, it is to be expected that this effect of increased 
solubility at low temperatures would be neutralised by the 
reduction in the amount of carbon dioxide of respiration 
produced by the hypha itself. Brown concludes that while 
the physiological factors involved are so complex that the 
phenomenon cannot at present be explained, it is clear 
that '"the carbon-dioxide retarding factor has greatest 
effect when the energy of growth is small,” as, for example, 
at unfavourable temperatures and under conditions of poor 
nutrition. 

The practical importance of the relatively greater re¬ 
tardation of growth by carbon dioxide at low temperatures 
is considerable. Gas storage at low temperatures has been 
successfully used to prevent or retard deterioration of a 
number of stored products ( 531 , 695 ). Meat or fruit 
(particularly apples) may be preserved in a fresh state for 
considerably increased periods by a combination of low 
temperature with an atmosphere containing an increased 
amount of carbon dioxide. With stored fruit a temperature 
of less than about 2-3® C. is not permissible, as the fruit 
would be injured. Thus the use of some additional method 
of retarding fungal growth is particularly desirable, since, fis 
pointed out above (p. 165), many fungi can grow at tempera¬ 
tures at or around freezing-point. The use of carbon dioxide 
in concentrations sufficient to inhibit growth at ordinary 
temperatures is also impracticable, since anaerobic respira¬ 
tion of the fruit would set in with consequent spoilage. 
The maximum concentration of carbon dioxide permissible 
in practice is low ( 97 ), but this, when combined with low 
temperature, gives very good control of fruit-rotting fungi. 
The source of the gas is usually the fruit itself, through 
respiration, and the concentration is kept constant by 
controlled ventilation. Refrigerated gas-storage chambers 
permit the transport of perishable fruit, such as peaches, 
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plums and pears, from the Southern Hemisphere to North¬ 
ern Europe, which would otherwise be impracticable. 

Measures designed to increase the concentration of 
carbon dioxide in the soil atmosphere are also employed 
to control certain root parasites such as Ophiobolus 
graminis^ the cause of the serious disease of wheat known 
as take-all or whiteheads. This disease is most severe in 
light well-aerated soils and in alkaline soils in which the 
carbon dioxide is absorbed. Established control measures 
include compacting of the soil and the use of green manure 
to encourage the growth of the saprophytic soil microflora 
with a consequent increase in the carbon dioxide produced 
through respiration (282). 

A high concentration of carbon dioxide in the soil may, 
however, have another and adverse effect on the control of 
certain soil-borne plant diseases. It is well known that 
dormancy in seeds of certain higher plants may be pro¬ 
longed by treatment with carbon dioxide. A similar state of 
dormancy may be induced in fungal spores or sclerotia 
which, as a result, may persist in the soil for years. Ger¬ 
mination and attack may take place later when suitable 
conditions occur. The significance of such dormant spores 
or sclerotia for the control of plant disease by crop rotation 
is obvious. 

c. Other Gases and Volatile Substances 

The harmful effect of free ammonia, produced as a 
decomposition product in the utilisation of proteins and 
certain other nitrogenous compounds, has already been 
discussed in Chapter Three (p. 65 ) and it was pointed out 
that this is not entirely due to the effect of increased 
alkalinity of the medium. 

Growth of fungi is inhibited by sufficiently high concen¬ 
trations of a number of volatile substances, such as acetone, 
chloroform, ether, acetaldehyde, hydrogen cyanide, hydro¬ 
gen sulphide, ammonia and formaldehyde. Lower concen¬ 
trations of these substances retard germination and growth. 
Germination of spores of Trichoderma lignorum and some 
other fungi takes place as rapidly in low concentrations of 
acetone, chloroform or ether as in air, but subsequent 
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j,fowth of mycelium is slower- than in air, although the 
growth-rate remains constant. With acetaldehyde, hydrogen 
cyanide and hydrogen sulphide germination is delayed, 
but the growth-rate increases as the colony grows. If an 
established colony is transferred from air to the presence 
of one of these substances, the rate of spread is at first 
greatly reduced, but rises to a constant level determined by 
the concentration of the particular inhibitor. With all these 
substances the concentration needed to inhibit growth is 
greater than that which prevents germination, but with 
ammonia, germination takes place at all concentrations 
which do not inhibit growth ( 764 ). Certain volatile sub¬ 
stances, such as formaldehyde and various chlorinated 
nitrobenzenes, are commonly used as fungicides. Numerous 
references to the conditions of application and to the effects 
of other environmental factors on the efficiency of these 
are scattered through the literature of plant pathology. 
Little is known, however, of the mechanism of their toxic 
action. Some volatile substances, such as hydrogen cyanide, 
hydrogen sulphide and aldehydes, are known to interfere 
with the respiratory mechanism, others, such as chloro¬ 
form, inhibit growth without any direct effect on respira¬ 
tion, Anaesthetics such as ether or chloroform also inhibit 
spore discharge in certain agarics and the emission of light 
by luminous fungi such as Panus stypticus ( 107 ). 


6 —HYDROGEN-ION CONCENTRATION 

Most fungi will tolerate a wide range of hydrogen-ion 
concentration of the medium (Table 28). Inhibition of 
growth is usually rather sharply defined at the limits of this 
range. The optimum is often less clearly defined. Hence the 
typical curve representing the effect of hydrogen-ion con¬ 
centration on growth is steep at both ends and tends to 
flatten out over the central part (Fig. 31). Most fungi grow 
best at neutral reactions, that is, at pH 7 or slightly on 
the acid side of neutral. Growth is usually stopped on the 
acid side at pH 3 and on the alkaline side at />H 8-9. There 
are, however, exceptions to these generalisations. Certain 
fungi normally growing in acid substrates, such as the 
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TABLE 28 

pH Range for Growth of Certain Fungi 


Range of pH 


3-2-3-4- 8-7- 9-2 


Species 


Mucor glomerula 
Fusarium bullatum 
Fusarium oxysporum 
Penicillium italicum 
Penicillium variabile 
Penicillium cyclopium 
Aspergillus niger 
Aspergillus oryzae 
Aspergillus terricola 
Botrytis cinerea . 
Rhizoctonia solani 
Melanospora destruens 
Lenzites saepiaria 
8 Wood-destroying 
Basidiomycetes 


2 (>- 2 - 2 — 

— 9-2-U-2 

1 . 8 - 2 *(>— 

— 9-2-lM 

1.9_2.2— 

— 91- 9-3 

1 . 6 - 1 - 8 — 

—101-lM 

< 2 8 — 

— 9-6 

2 - 8 — 

— 7-4- 8-8 

1.6-18— 

— 9 0- 9-3 

1 . 6 - 1 - 8 — 

— 9 0- 9-3 

< 2 - 8 — 

— 7-4 

2S— 

— 7-5- 8-5 

4-8— 

— 7-6 

< 2 - 8 — 

7-4 

2-5-3-5— 

— 7 0- 7-6 


Authority 


Johnson ( 580 ) 

Johnson ( 580 ) 

Johnson ( 580 ) 

Johnson ( 380 ) 

Johnson ( 380 ) 

Webb ( 794 ) 

Webb ( 794 ) 

Johnson ( 380 ) 

Johnson ( 380 ) 

Webb ( 794 ) 

Jackson ( 376 ) 

Asthana and Hawker ( 18 ) 
Webb ( 794 ) 

Wolpert ( 826 ) 


brown-rot fungi of rosaceous fruits, species of Penicillium 
attacking citrous fruits, fungi causing spoilage of processed 
fruits and fruit products, or acid-producing strains of 
Aspergillus niger^ will grow in very acid media and the 
optimum pH is well on the acid side of neutral. A few 
fungi and many actinomycetes grow best in alkaline 
media. 

Spore production is often possible only over a narrower 
range of pH than that permitting mycelial growth. 

It has already been pointed out (Chapter Three, pp. 62 - 5 ) 
that fungi themselves may alter the acidity of the medium 
in which they are growing to such an extent that growth 
ceases. 

The fungal flora of an acid soil is very different from that 
of an alkaline one. In acid soils the breakdown of plant and 
animal remains is largely the result of fungal activity, since 
bacteria are usually more sensitive to an acid reaction than 
are fungi. The formation of incompletely broken-down or 
"raw humus” on such soils is associated with the relative 
inefficiency of fungi compared with bacteria as decomposers 
of cellulose. 

Some plant pathogens flourish in an acid soil and others 
in an alkaline one. This fact is used in control measures. 
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Fig. 31.—Effect of H-ion Concentration on Growth (after Hall). 

Diameters of colonies of Sclerotinia fructigena grown on buffered media with 
various initial H-ion concentrations. 


Thus liming of the soil is the best single method of con¬ 
trolling the club-root disease of Crucifers, since the causal 
fungus {Plasmodiophora brassicae) is intolerant of alkalin¬ 
ity. The choice of artificial fertilisers designed to give 
alkaline rather than acid residues (i.e. sodium nitrate or 
nitro-chalk in preference to ammonium sulphate and basic 
slag in preference to superphosphate) is an additional 
method of producing a soil reaction unfavourable to this 
parasite. An alkaline reaction, however, encourages cer¬ 
tain other soil-inhabiting disease organisms, such as 
Actinomyces scabies and other species causing common 
scab of potatoes. Hence the use of lime must be in modera¬ 
tion when a cabbage crop is to be followed by potatoes. 

The degree of resistance of plants to invasion by fungal 
parasites is often correlated with the acidity of the cell sap, 
as will be seen in Chapter Eight. 
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7 —POISONS 

The efficiency of various chemicals in inhibiting growth 
or actually killing fungi is of obvious practical importance 
both in the prevention of mould deterioration and in the 
control of fungal diseases of crop plants. Accordingly, a 
vast amount of work has been devoted to the search for 
toxic or lethal compounds, to the methods of applying 
these, to the effect on the host plant and to methods of 
assessing their efficiency. 

A study of the type of substances having an inhibiting or 
toxic effect gives some information relating to fungal meta¬ 
bolism and hence will be briefly considered. 

Salts of all heavy metals are highly poisonous to fungi. 
Mercuric chloride is one of the most efficient fungicides 
known, but owing to its high toxicity to higher plants and 
animals it is of limited application. The toxicity of these 
salts is thought to be associated with their power of pre¬ 
cipitating proteins. Many of them, however, are actually 
stimulatory in very small doses. Thus the two commonly 
used fungicides, mercuric chloride and copper sulphate, 
stimulate the growth of fungi when only a trace is present. 
Copper is required by some fungi as a trace element, but 
the nature of the stimulatory effect of mercury compounds 
is unknown. 

Substances containing highly oxidising ions, such as 
chromates, permanganates and hydrogen peroxide, are 
usually fungicidal. Alcohol and the phenols are not parti¬ 
cularly efficient, while some insect poisons, such as potas¬ 
sium cyanide, are relatively ineffective. 

Some acids are more poisonous than their hydrogen-ion 
concentration would suggest, and must therefore contain a 
poisonous radicle. For example, a solution of butyric acid 
is more poisonous than an equimolecular solution of 
acetic acid, although the latter is more highly ionised. 

Tannins are fairly poisonous to some fungi, and disease 
resistance in some instances has been correlated with the 
presence of tannin in plant cells and particularly in the 
wood of trees. 

The toxicity of any particular fungicide depends to some 

206 



GROWTH AND SPORULATION 

extent on the form in which it is presented. In general, 
fungicides are more poisonous in a colloidal than in a 
crystalline form. Colloidal copper compounds have recently 
proved of value in the control of black-spot of roses and 
other diseases. Mercuric chloride in aqueous solution is 
more poisonous than in alcoholic solution. Hydrogen-ion 
concentration may also influence toxicity ( 701 ). 

Many fungicides show specificity of action, that is, they 
are more effective with some fungi than with others. Thus 
the powdery mildews are particularly susceptible to sulphur 
compounds, while the downy mildews and allied forms, 
such as Pythium and Phytophthora^ are usually best con¬ 
trolled by copper fungicides. Some recently developed 
organic fungicides are highly specific. Certain chlorinated 
nitro-benzene compounds give complete control of Rhizoc- 
tonia solani and Botrytis cinerea^ but fail completely to 
control species of Pythium or Phytophthora^ or may even 
stimulate them and thus increase their virulence. In spite 
of a vast amount of investigation, the mechanism of 
fungicidal action is still almost unknown. 

8—MECHANICAL INJURY 

Fungal hyphae are particularly liable to injury owing to 
their delicate nature. When a hypha is broken the injured 
portion is usually quickly sealed off by the formation of a 
transverse septum. Growth is often temporarily checked, 
but soon begins again by the growth of new branches be¬ 
hind the injured portion. 

Injury may sometimes lead to an intensification of spore 
production. If a culture of Fusarium fructigenum is cut or 
stroked with a needle, the line of injury is later clearly 
indicated by a line of denser conidial production. Sporula- 
tion may be induced by partial desiccation and shredding 
of the cultures of certain fungi ( 610 ). Fruit-bodies, such 
as the apothecia of Pyronema confluens ( 654 ), may also 
be more numerous in the neighbourhood of an injury. 
This effect, however, is by no means universal, as certain 
fungi, such as Melanospora destruens ( 18 ), show no 
increased production of fruit-bodies when the hyphae are 
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injured. The stimulatory effect is associated with the check 
to growth, and thus is probably only an indirect effect of 
injury. Other factors checking growth also may result in 
increased sporulation. 

9—MECHANICAL BARRIERS TO GROWTH 

It is a common phenomenon for sporulation to be more 
intense at the periphery of a petri dish culture. With some 
fungi, including Pyronema confluens (654), this may be due 
to the check to growth caused by contact with the barrier, 
with others, such as Melanospora destruens (18), the effect 
is due, not to contact, but to the age of the peripheral 
hyphae and to the exhaustion of the nutrients. 

General references for further reading 

VIA. Garrett, S. D., 1944. "Root Disease Fungi,” Waltham, 

U.S.A. 

VIB. Horsfall, J. A., 1945. "Fungicides and Their Action,” 

Waltham, U.S.A. 

VIC. McCullock, E. C., 1945. "Disinfection and Sterilisation,” 

2nd ed., London. 

VI D. Martin, H., 1940. "Principles of Plant Protection,” 3rd ed., 

London. 

VI E. Smith, E. C., 1936. The Effects of Radiation on Fungi, in 

Duggar, "Biological Effects of Radiation,” II, 889-918, 
New York. 

See also i B, i d. 
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Chapter Seven 


FACTORS INFLUENCING THE SURVIVAL 
AND GERMINATION OF SPORES 

1 Methods of Measuring Rate of Germination—2 Internal Factors 
—3 External Factors—4 Summary of Conditions favoUring 
Spore Germination 

In Chapter One it was pointed out that the germination of a 
spore after it has fallen on a suitable substrate is an essential 
part of the life-cycle of a fungus. The ability to germinate 
depends primarily on the condition of the spore, including 
such factors as its age or degree of ripeness, the perme¬ 
ability of its wall and the amount and nature of the available 
food reserves- Even when a spore possesses the maximum 
innate ability to germinate, it may yet fail to do so under 
certain sets of environmental conditions. Thus, factors such 
as temperature, aeration, light, moisture, the presence or 
absence of an external supply of nutrients or of stimulatory 
or inhibitory substances influence the rate of germination. 
The retarding or inhibiting effects on germination of un¬ 
favourable environmental conditions may be of consider¬ 
able biological advantage, since they prevent germination 
from taking place under conditions unsuitable for further 
development. In general the environmental factors favour¬ 
able to germination are also favourable to growth. Mycelial 
growth, once started, however, can often continue under 
conditions which will not permit germination. A spore may 
survive for a considerable period under conditions un¬ 
favourable to either germination or growth, 

1 —METHODS OF MEASURING RATE OF GERMINATION 

The most obvious method of measuring the effect of 
environmental factors on germination is to estimate the 
percentage of spores which have put out germ-tubes by 
an arbitrary interval of time from the beginning of the 
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experiment. This method, however, is not entirely satis¬ 
factory. Spores do not germinate simultaneously, but do so 
over a period of time which depends upon internal and 
external conditions. Thus, when the effect of two different 
environments is being examined, the result depends upon 
the choice of the moment at which the measurements of 
percentage germination are made. If the measurements are 
delayed too much, a real difference in rate of germination 
may fail to show up. A better method is to estimate the 
time taken for a given percentage of the spores to put out 
germ-tubes. Average length of germ-tubes is also used as 
a measure of germination (97). This method has the dis¬ 
advantage that where variation in rate of germination of 
individual spores in a batch is large, some germ-tubes will 
have reached a considerable length before others have 
begun to grow. Thus the measurement will be partly one 
of vegetative growth rather than of germination. The same 
disadvantage arises when very big differences between the 
effects of environmental factors are being examined. Ex¬ 
pression of the results as time taken for the average length 
of germ-tubes to reach a certain arbitrarily chosen low 
value overcomes this disadvantage to some extent. Results 
are best expressed both as a measure of percentage ger¬ 
mination and as average germ-tube length. 

2—INTERNAL FACTORS 

Many spores will take in water and begin to germinate 
within a few hours after being shed, provided that environ¬ 
mental conditions are favourable. Most asexual spores are 
of this type. Their walls are usually thin, or if they are 
thickened they are provided with thin patches known as 
germ pores (as in the uredospores of most rusts). The ability 
to germinate without a rest period is often correlated with 
a low degree of resistance to adverse external conditions, 
although even asexual spores may be more resistant than 
are vegetative hyphae. Such spores are commonly produced 
in very large numbers over a long period, which offsets the 
disadvantage of low resistance. They provide the main 
means by which the fungus spreads within a favourable 
environment. Survival during a period of unfavourable 
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conditions is usually achieved by means of thick-walled 
spores. Germination of these often takes place only after a 
rest period, which may or may not be broken down by the 
stimulus of light, extremes of temperature or of certain 
mechanical or chemical treatments, 

In general, mature spores will germinate over a wider 
range of environment than immature or old ones. After 
maturity is reached, viability decreases with age, although 
the rate of decrease may be very slow. Longevity is often 
dependent upon external factors such as humidity or 
temperature. 

Even the germination of thin-walled conidia, which do 
not need a rest period, is influenced to some extent by the 
physiological age of the spores. The rate of germination of 
conidia of Botrytis cinerea and Fusarium fructigenum 
(694) is relatively slow with spores from very young agar 
cultures, rises to a maximum with those from slightly older 
cultures and falls off with further ageing of the latter 
(Fig, 32 ). Such conidia are not normally shed until they 
are mature, and then germinate rapidly on coming to rest 
on a suitable substrate. Immature spores which fail to 
germinate are sometimes shed naturally even by fungi 
which normally shed their spores in a mature condition. 
Thus a few aseptate individuals among naturally dis¬ 
charged ascospores of Nectria galligena fail to germinate 
(536). These have little or no protoplasm and are probably 
immature. The first spores to be shed from a young sporo- 
phore of the common field mushroom {Psalliota cam- 
pestris) may fail to germinate under artificial conditions 

(144). 

Age of the spores is probably the most important single 
factor influencing germination of ascospores of Ustulina 
vulgaris (812). Three phases may be distinguished, as 
follows; (i) pre-mature phase, (ii) mature phase and 
(hi) post-mature phase. Spores of this fungus are not 
normally shed until the mature phase is reached, hence the 
first phase is of little practical importance. Fruit-bodies are 
formed in October. Collections of spores made at intervals 
during the autumn and winter show that the spores soon 
lose their power of germination. This has an important 
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Fig. 32.—Effect of Ace on Germination (after Singh). 

GerzninatioD io water of conidia of Botrytu cinerea taken from cultures grown for 
various periods on a synthetic glucose-salts medium (curves with triangles) and on 
the same medium with the addition of 0*03 per cent, and 0-2 per cent, (dzy weight) 
of a concentrated extract of lentils (curves with squares and circles respectively) 


practical application, since few viable ascospores are avail¬ 
able to infect the timber in spring when external conditions 
are favourable. Conidia of this fungus (813) lose their 
viability with age even more rapidly, but this is offset by 
their production over a longer period, so that they are 
probably a better agent of infection than the ascospore 
under English conditions. 

It is generally assumed that oospores of Pythium spp., 
Phytophthora spp. and the downy mildews are resting 
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spores which survive a period of unfavourable conditions 
and germinate when favourable ones return, hut germina¬ 
tion has been followed in oospores of only a few species. 
The oospores of Phytophthora cactorum (52) are unable to 
germinate when they are first shed whatever the environ¬ 
mental conditions may be. Nuclear fusion is delayed until 
three to four weeks after shedding, and it is obvious that 
during this period they are immature and incapable of 
germination under any conditions. A further period of 
dormancy or after-ripening of from six to seven months 
succeeds the nuclear fusion. During this period visible 
changes, such as the accumulation and disappearance of oil 
drops, may be seen. In contrast to the immature pre-fusion 
phase, this period of dormancy may be greatly reduced by 
freezing the spores. Under natural conditions the winter 
frosts probably break down the dormancy, so that the spore 
is able to germinate with the return of warmer weather in 
spring. Similarly, the period of after-ripening required by 
resting sporangia of Blastocladio- pringsheimi (51) may 
be reduced by subjection of the sporangia to alternate high 
or low temperatures or fluctuations in moisture. Oospores 
of Plasmopara viticola (14) collected in the autumn 
germinate during the following spring and surnmer (Janu¬ 
ary to July). Very few untreated spores germinate earlier 
than this, and some require a second winter before ger¬ 
mination. The rest period may be reduced by low tempera¬ 
ture, but is prolonged by dry conditions. Oospores of 
Peronospora schleideni (478) may germinate only after 
several years. 

The walls of these resistant oospores are usually at least 
two-layered. The inner wall is the thick layer secreted by 
the oosphere after fertilisation and the outer is the original 
wall of the oogonium which remains thin but is practically 
impermeable. Both wall layers are said to be composed 
of substances in a colloidal state (50). Thus germination 
cannot take place until the spore has matured and the wall 
has been rendered permeable to water and oxygen. Such a 
change in the nature of the wall normally takes place in 
course of time as a result of slow internal changes. Once the 
spore is mature, however, germination may be hastened by 
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any external factors which bring about a change in tlie 
colloidal nature of the wall layers or which cause small 
cracks to develop. Thus the effect of frost or of alternate 
wetting and drying is probably of this nature. Such con¬ 
ditions normally prevail in winter, and the spore is thus 
prepared for germination in the spring. Teleutospores of 
certain rusts and some smut spores are also unable to 
germinate until subjected to low winter temperatures. 

A somewhat similar mechanism is seen in the thick- 
walled ascospores of some coprophilous Ascomycetes (510). 
These are swallowed by herbivorous animals, and are 
excreted with the dung after passage through the animal’s 
gut. The resistant walls prevent the spores from being 
injured, but during passage through the gut their resistance 
is broken down, probably by a combination of rather high 
temperature, friction and the action of gastric juices, suffi¬ 
ciently to permit germination either just before or just 
after excretion. Resistance can be broken down artificially 
by a preliminary exposure to a temperature of 48 ° C., as 
with ascospores of Ascobolus equinus^ Saccobolus depau- 
peratus (311), Ascophanus aurora (512) and a strain of 
Lachnea melaloma (309), warming in alkaline solution or 
by gentle rubbing between glass slips. Ripe ascospores of 
the non-coprophilous species, Onygena equina, may also 
be induced to germinate by treatment with gastric juices 
(78). Unripe, thin-walled spores of this fungus germinate 
without such treatment. Cultures of a species of Ascobolus 
which normally produces purple ascospores may be induced 
to produce colourless or light-coloured ones by treatment 
with ammonia (311). These germinate more readily than 
the normal purple ones, and the absence of the pigment 
may be correlated with a greater permeability of the wall. 

Certain spores will remain dormant in the soil for very 
long periods, e.g. resting spores of Synchytrium endo- 
bioticum (potato wart disease) and Plasmodiophora 
brassicae (club root). The diseases caused by these fungi 
cannot be controlled by crop rotation, since viable spores 
may persist in the soil for at least five years. The conditions 
which lead to their germination are not known. 

Age may influence the type as well as the rate of germina- 
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tion. Thus young conidia of Phytophthora and of certain 
downy mildews usually produce zoospores, while older 
spores either fail to germinate or produce a germ-tube (5 3). 

The amount of the food reserves (including accessory 
food substances) present in spores may also influence the 
rate of germination, particularly in the absence of an 
external supply of these. Thus washed conidia of Botrytis 
drierea or Fusarium fructigenum taken from colonies 
grown on a glucose-salts medium germinate more slowly 
than those at a similar state of maturity taken from colonies 
on the same medium, to which an extract of lentils has been 
added as a source of growth-substances (694). It can be 
shown that the latter spores actually contain growth-sub¬ 
stances in higher concentration. The difference in germi¬ 
nation rate is greatly reduced if the spores are placed in 
dilute lentil extract. Similarly, the growth-substance con¬ 
tent of spores of different strains of F. fructigenum is 
correlated with their rate of germination.^ 

Even when the degree of maturity, the nature of the cell 
contents and the physical state of the spore wall are such 
as to permit germination, this will not take place until 
external conditions are also favourable. Of these the presence 
of moisture is of first importance, but other factors, such 
as temperature and aeration, are also important. The speed 
of germination is also largely influenced by environment. 

3 —EXTERNAL FACTORS 

A. Water 

Moisture is essential for the germination of all spores. 
Some will germinate only in liquid water. Zoospore forma¬ 
tion obviously requires the presence of a film of water. 
Hence the '"conidia” of Phytophthora spp. and of some 
downy mildews germinate best in water, although they 
may put out a germ-tube in moist air. Many fungi which 
never produce zoospores but germinate always by a germ- 
tube are yet dependent on liquid water for germination, 
as with ascospores of Sclerotinia fructigena (109) and 
Ustulina vulgaris (812). Conidia of J 7 . vulgaris will 
germinate in a saturated atmosphere, but percentage 

^ Unpublished experiments by the author. 
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germination is only 20 per cent, compared with 80 per cent, 
in water (813). Conidia of Ventiiria inaequalis and 
Alternaria solani (209) also germinate better in water than 
in moist air, while aecidiospores of Gymnosporangium 
clavariaeforme germinate equally well in vapour or in 
liquid water (755)- Uredospores of certain cereal rusts, 
Puccinia graminiSy P. triticinay P. dispcrsa (secalina)^ P. 
coronifera {lotis)y will germinate in a moist alnios])here, but 
need nearly 100 per cent, relative humidity to initiate the 
process (735)- Conidia of a strain of Penicilliiim chryso- 
genum (506) isolated from ''mildewed” book materials 
germinated on glass in atmospheres ranging from 100 per 
cent, to 81 per cent, relative humidity, but would do so at 
an even lower humidity (minimum 72*6 per cent.) when 
placed on various book materials. 

Saturation of the atmosphere actually inhibits germina¬ 
tion of Tilletia tritici (107), and it is well known that inocu¬ 
lation of grasses with conidia of the appropriate strain of 
Erysiphe graminis is more successful when the spores are 
dusted on dry and the plants are subsequently kept in a 
moist atmosphere than when they are applied in a suspen¬ 
sion in water. This is due to the superiority of water vapour 
over liquid water for the germination of conidia of this 
fungus. Experiments in which the germination of conidia 
of E, graminis and Cladosporium herbarum was com¬ 
pared in water and in air of varying relative humidity 
(297) showed that percentage germination of the former 
was 8 in water, 47 in air at 100 per cent, relative humidity 
and 1 in air at 90 per cent, relative humidity. No germina¬ 
tion took place at relative humidities less than 90 per cent. 
Cladosporium spores, however, germinated fairly well at 
relative humidities as low as 76 per cent, and gave 100 per 
cent, germination in liquid water. Low humidities actually 
favour the germination of a number of strains of Erysiphe 
graminis, E.polygoni, Unciniila salicis and Microsphaera 

alni (81). 

Teleutospores of Puccinia malvacearum in a moist 
atmosphere produce typical promycelia bearing sporidia, 
but in water produce indefinite germ-tubes, often of con¬ 
siderable len^h. 
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Humidity also influences the longevity of spores. Long¬ 
evity is usually reduced in dry storage. The basidiospores 
of a number of wood-destroying fungi remain viable in a 
dry condition for a few months only (129). Those of 
Stereum purpureum^ the cause of silver leaf, will remain 
viable for several weeks in a moist atmosphere, but rapidly 
lose their viability if kept dry (87). The percentage ger¬ 
mination of ascospores of Nectria galligena also falls 
rapidly after dry storage (536). High humidity may also 
reduce viability of some spores (576). Spores of certain 
species of Aspergillus and Penicillium may remain viable 
after several years in a dry condition. Thick-walled spores, 
such as zygospores of the Mucorales, oospores of certain 
Oomycetes or teleutospores of rusts, are able to withstand 
considerable desiccation. 

B. Oxygen Concentration 

Percentage germination is often less in very large drops 
of spore suspension than in relatively ^mall ones and in 
drops of a dense suspension than in those of a sparse one. 
This is considered to be due to shortage of oxygen at the 
centres of the large drops and, through greater competition, 
in the drops of dense suspension. If a suspension of spores 
is poured into a vessel and allowed to stand undisturbed, 
germination will take place only at or near the surface. 
Thus Brown (92, 94) found that in order to obtain a large 
quantity of young germ-tubes of Botrytis cinerea for the 
preparation of pectinase, it was necessary to spread a thin 
layer of the spore suspension over a large area and to per¬ 
mit free access of air to the whole. Moreover, the deep fer¬ 
mentation method of preparation of pencillin which has 
superseded the original shallow dish method was only 
made possible by improved aeration of the culture solution 
inoculated with spores of Penicillium notatum. The im¬ 
proved germination of certain spores, such as the conidiaof 
Erysiphe graminisy in a moist atmosphere compared with 
liquid water (see p. 216 ) may be due to a better oxygen 
supply in the former. 

Although oxygen is essential for germination of spores, 
yet the amount needed is usually very low. Thus conidia 
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of Botrytis germinate well with as little as 1 per cent, 
oxygen (97)» uredospores of certain rusts also have a low 
oxygen requirement (73 5), while spores of species of Mucor 
are said to germinate in only 0-003 per cent, oxygen (466). 
Germination is usually able to take place over a wide range 
of oxygen concentration. The upper limit for Botrytis is 
80 per cent. 

c. Carbon Dioxide 

Concentration of carbon dioxide usually has a greater 
influence than that of oxygen on growth of fungi and on 

TABLE 29 

Percentage Concentration of Carbon Dioxide preventing Germination 

AT 15-18® C. OVER A Period of Seven Days 

Data from Brown (97) 


Fungus 

Spores Sown in Dilute 
Turnip Extract 

Spores Sown in Water 

Aspergillus repens 

40 


Mucor sp. .... 

40 


Botrytis cinerea 

50 -f 

20-30 

Monilia cinerea 

50 -f 

20 

Phoma roseola .... 

50 + 

20 

Alternaria grossulariae 

50-60 

> 30 

Rhizopus nigricans . 

60 

20 

Botrytis parasitica 

60 + 

20 

^haeropsis malorum 

60-70 

30 

rusarium sp. .... 

80-f 

30 

Penicillium glaucum . 

80-95 

> 30 


spore germination. A concentration of 10 per cent, carbon 
dioxide retards the germination of spores of Mucor 
mucedo (466), while the undiluted gas produces total in¬ 
hibition. An exposure of three months’ duration to un¬ 
diluted carbon dioxide does not kill the spores, however. 
Brown (97) examined the effect of carbon dioxide concen¬ 
tration on spores of a number of fungi, and found that 
10 per cent, reduced, and 30 per cent, inhibited the germi¬ 
nation of most spores in water, but conidia of some species 
of Penicillium were less sensitive. Toxicity is less when 
spores are germinated in a nutrient solution such as dilute 
turnip extract (Table 29 ). From this he concluded that 
while gas storage of apples in concentrations below that 
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causing anaerobic respiration might not be entirely eflFec- 
tive, since the retarding effect depended on the amount of 
nutrient present, yet it would be valuable if used in con¬ 
junction with cool temperature (see Chapter Six, p. 200 ). 

Development of germ-tubes of uredospores of certain 
cereal rusts is retarded by as little as 1 per cent, carbon 
dioxide (735). In contrast, conidia oi Aspergillus will 

not germinate in the complete absence of carbon dioxide 
(650) and germination of chlamydospores of Ustilago zeae 
is stimulated by the presence of 15 per cent, of the gas (5 86). 

D. Atmospheric Pressure 

Conidia of a strain of Erysiphe graminis from barley 
actually germinate more rapidly at slightly reduced atmo¬ 
spheric pressures than at the normal pressure (82). This 
may be due to the facilitation of the elimination of carbon 
dioxide from the spores. 

E. Temperature 

Most fungal spores will germinate over a wide range of 
temperature, but the rate of germination increases rapidly 
with increase in temperature up to an optimum value above 
which it falls off. Fig. 33 shows the effect of temperature 
on germination of conidia of Botrytis cinerea^ Fusarium 
fructigenum and Cunninghamella elegans. The shape of 
the curve is essentially similar for all three fungi. The exact 
minimum values have not been determined, but no spores 
germinated at 1 ° C. Spores of Botrytis and Fusarium 
germinate best at 20 - 25 ° C., those of Cunninghamella 
have an optimum temperature in the neighbourhood of 
35 ° C. Where the criterion used is percentage germination, 
the optimum temperature rises with time with all three 
fungi. This suggests that germination has at least two phases, 
which are probably a physical one, presumably the intake 
of water, and a chemical one, involving enzyme action. 

Such a change in the optimum temperature with time was 
not shown when germination was measured by average 
germ-tube length. The optimum temperature for germ- 
tube length corresponded to the higher optimum obtained 
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Fic. 33. —Effect of Temperature on Germination of Spores. 

Percentage germination after three and four and a half hours (curves with black 
and white circles respectively) and average germ-tube length after similar intervals 
(curves with black and white squares respectively) of conidia of Fusarium fructi- 
genurrit Botrytis cinerea and Cunninghamella elegans. 


in the later phases of germination by the measurement of 
percentage. This supports the criticism made earlier of the 
value of the use of average germ-tube length as a measure 
of germination. 

Table 30 gives the cardinal points for temperature 
(minimum, optimum and maximum) for the germination 
of spores of a number of fungi. It is clear that the usual 
range is from just above freezing-point to about 30 - 35 ° C. 
and that the optimum is usually between 20 ° C. and 25 ° C. 
Spores of some species, however, show higher or lower 
cardinal points or a wider range. Those for germination 
of conidia of the downy mildews tend to be rather low, 
while those for certain ascospores tend to be higher than 
the average. 
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TABLE 30 

Minimum, Optimum and Maximum Temperatubxs (in Decrees Centigrade) 

FOR Germination of Some Fungal Spores 


Species 


A. 


B. 


Phycomycetes 

Phytophthora infestans 
(sporangia) 

Albugo Candida 
(sporangia) 

Peronospora parasitica 
(conidia) 

Plasmopara viticola 
(sporangia) 

Sclerospora graminicola 
(sporangia) 

Sclerospora graminicola 
(oospores) 

Rhizopus nigricans 
(sporangiospores) 

Ascomycetes (aacospores) 
Glomerella rufomaculans 
Byssochtamys fulva 
ifstulina vulgaris . 


Mini¬ 

mum 


2-3 

0 


8 

5 

11-5 

1-5 


C. 


5 

15 

10-15 


Basidiomycetes 
Puccinia coronata 
(uredospores) 

P. graminis (uredospores) 
P. rubigo-vera (uredo¬ 
spores) 

P. triticina (uredospores) 

P. antirrhini (uredospores) 
Cronartium ribicola 
(uredospores) 

P. graminis (teleuto- 
spores) 

P. malvacearum (teleuto- 
spores) 

Cronartium ribicola 
(aecidiospores) 

Ustilago avenae (smut 
spores) 

U. xeae (smut spores) . 
U. striaeformis (smut 
spores) 

Uroeystis cepulae (smut 
spores) 

U, tritici (smut spores) . 
U. occulta (smut spores). 
Coprinus eomatus 
(basidiospores) 

C. micaceus (basidiospores) 
Other species of Coprinus 
(baaimospores) 


7-8 

2 

2 

2-3 

5 

8 

9 

3 

5 


8 

7 


Opti¬ 

mum 


Maxi-\ 

mum 


Authority 


12-13 

10 

8-12 
20-22 
17-5 
20-23-5 
26-28 


24-25 Melhus (498) 

25 Melhus (497) 

29 Gardner (281) 

30 Istvanffi and P&linkils 

(375) 

33-5 Tsaugi (767) 

35 Tsaugi (767) 


30 

35 

25-30 


12-18 

12-17 

12-17 

5-20 

10 

14 

22 

14 

12 

15-28 

26-34 

22 


33 


Weimer and Harter (798) 


35-40 


30-32 

31 

30-31 

29-30 
20 
25 

23 

30 

19 


Ames (ii) 
Hull (368) 
Wilkins (812) 


Johnson (378), Stock 
(735). Hoeuer ($58) 
Johnson (378) 

Johnson (378) 

Stock (735) 

Doran (209I 
Doran (209) 

Dietel (202) 

Doran (209) 


31-34 

36-38 
35 


1&-22 29 


5 

5 

15 

15 

20 


24 

15 

30 

30 

30 


32 

30 

45 

45 

40 


Doran (209) 

Jones (584) 

Jones (584) 

Davis (183) 

Walker and Wellman 

No^o{3j8) 

Lmg (4Jo) , , 

Kaufmann (389) 

Kaufmann (3B9) 
Kaufmann (389) 
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TABLE 30 {cont.) 


Species 

Mini¬ 

mum 

Opti¬ 

mum 

1 

Maxi¬ 

mum 

Authority 

D. Fungi Imperfecti (conidia) 


1 



Phyllosticta solitaria 

5 

23 

39 

Burgerl ( 114 ) 

Alternaria solani . 

; 1-3 

26-28 

37^5 

Rands ( 610 ) 

Ustulina vulgaris . 

1 5-10 

20-25 

35 

Wilkins ( 8 ij) 

Cephalothecium roseum . 
Monilia fructigena 

5 

30 

< 36 

Ames ( 11 ) 

0 

25 

< 36 

Ames (ii) 

Penicillium digitatum . 

0 i 

25 

< 36 

Ames (i 1 ) 

Sphaerotheca (Oidium) 
pannosa 

3-5 

1 

21 

33 

Longrce ( 465 ) 


Certain fungi which are able to germinate at a particu¬ 
larly low temperature may be troublesome on goods in cool 
storage. Conidia of Cladosporium herbarum are able to 
germinate at — 6 ° C., and this fungus, as already men¬ 
tioned (p. 164), is a frequent cause of the discoloration of 
chilled meat ( 88 ). Spores of certain fungi causing rotting of 
apples in storage also have a low minimum temperature of 
germination, e.g. Botrytis cinerea^ Penicillium expansum 
and Monilia cinerea^ 0° C. ( 84 ); Monilia fructigena and 
Penicillium digitatum, 1°C.; Rhizopus nigricans^ 3° C. 
(ii). Other fungi require much higher temperatures before 
germination can take place, e.g. Aspergillus requires a 
minimum temperature of over 10° C. ( 84 ) and Byssoch- 
lamys fulva requires one of 15° C. { 368 ). Different spore 
forms of the same fungus may have different temperature 
requirements, e.g. ascospores and conidia of Ustulina 
vulgaris ( 812 , 813 ) (see Table 30) have minimum tempera¬ 
tures for germination of 10° C. and between 5° C. and 
10° C. respectively. Germination at or near the minimum 
temperature is usually very slow. 

The minimum temperatures which permit growth are 
often lower than those necessary to allow germination. 
This is so with some of the fungi causing apple storage rots 
referred to above and also with the strain of Rhizopus 
nigricans responsible for the moist rot of ripe strawberries 
known as strawberry ^'leak.” Where strawberries are to be 
refrigerated during transit, it is important that there should 
be as little delay as possible between picking and packing 
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in the cool containers ( 733 ), since temperatures low enough 
to prevent injury from spores on the surface of the fruit 
may not be low enough to prevent mycelial development if 
the spores have germinated before the fruit is placed in the 
refrigerated containers. Spoilage during transit would then 
result. 

The optimum temperature is not always sharply defined, 
and germination may be almost equally rapid over a range 
of ten or more degrees. The optimum values obtained by 
different methods of calculation may not be the same. 
Thus percentage germination may be greatest at one tem¬ 
perature, but the growth of the germ-tubes may be greater 
at another, usually higher, value, as in the example given 
above (p. 220). This again points to a physical and a 
chemical phase in germination. 

Germination of most fungal spores is greatly retarded or 
inhibited by temperatures of 35° C., but a few germinate 
well at even higher temperatures, e.g. conidia of Cunning- 
hamella elegans (Fig, 33), Aspergillus niger or ascospores 
of certain coprophilous fungi. Ascospores of Byssochlamys 
fulva, a fungus causing spoilage of canned fruit, 
germinate at temperatures of over 40° C. Germination rate 
may be influenced by the temperature at which the spores 
have been formed or by previous exposure to varying 
temperatures. It has already been pointed out that ger¬ 
mination of certain spores which normally require a long rest 
period can often be hastened by exposure to high or low 
temperature. Even spores which are capable of germinating 
without a rest period or without any special previous treat¬ 
ment may be induced to germinate more rapidly by pre¬ 
vious exposure to temperatures other than those optimal 
for germination. Germination of the ascospores of Byssoch¬ 
lamys fulva ( 368 ) is more regular and more rapid if the 
spores are first subjected to a temperature of 70° C. for a 
few minutes. Uredospores of Phragmidium mucroniatum 
( 156 , 157 ) stored in a dry state for brief periods at 27® C. 
show increased germination even when subsequently 
transferred to a less favourable temperature. Temperatures 
just below those sufficient to kill spores of Fusarium coeru- 
leum ( 530 ) delay subsequent germination at lower tempera- 
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lures. This latter effect is probably due to injury from sub- 

lethai temperatures. 

Temperature may also intiuence the type of germination 
of "conidia” of certain downy mildews and of species of 

Phytophthora ( 53 , i24> ^79* 5 37^ 775)* Zoospores 

are produced most freely at lower temperatures, but at 
higher ones the conidia germinate by putting out a germ- 
tube. The resistance of spores to extremes of temperature 
has already been considered in the previous chapter. 

F. Light 

Most spores germinate equally well in daylight or in 
darkness. A few are stimulated by light. Thus the *'conidia” 
of many downy mildews produce zoospores only in the 
light, and either fail to germinate or put out only an 
occasional germ-tube in the dark ( 53 ). The exclusion of 
light retards the germination of the brand spores of 
Tilletia tritici and T. levis ( 316 ), while the longevity of 
conidia of Alternaria oleracea is increased and their 
germination is stimulated by light ( 542 ). 

Work on this subject, however, has been mainly con¬ 
cerned with the inhibition of germination by light. The 
depressing effect of strong sunlight was first observed by 
Hoffman ( 359 ) and has been noticed by many later in¬ 
vestigators. Strong light retards the germination of many 
spores and may even kill them. This inhibitory effect in¬ 
creases in proportion to the intensity of the illumination, 
after the minimum injurious intensity is reached ( 698 ). 
The percentage germination of uredospores of Phrag- 
midium mucronatum exposed to artificial light of 1,250 
foot-candles intensity was measured three, six and twenty- 
four hours after the period of illumination, and was re¬ 
duced from 85, 92-9 and 93-7 in the unilluminated controls 
to 7, 28-6 and 42-2 respectively (i 5 7 ). Germination was thus 
strikingly retarded by the light, and the total number of 
spores germinating was reduced within the limits of the 
experiment, although the final figures might have been 
higher if the measurements had been made after a further 
interval. There is some disagreement as to what is the most 
effective wave-length. Early investigators (yti) concluded 
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that blue light is the most injurious visible light, while 
ultra-violet light is even more destructive (420). The degree 
of light injury can often be correlated with the colour of the 
spores themselves. Thus, dark uredospores of Puccinia 
graminis tritici are less readily injured hj ultra-violet light 
than are light spores of other physiologic strains (203), 
while of a number of plant pathogens examined (237), those 
with dark spores survive periods of ultra-violet radiation 
more readily than do light-spored ones. Uredospores of the 
cereal rusts which are wind-borne over considerable dis¬ 
tances and cause epidemics far from their place of origin are 
almost invariably pigmented, and this probably protects 
them from the lethal effect of ultra-violet light in the upper 
air. More recent work by Dillon-Weston (204) with uredo¬ 
spores of various strains of P. graminis suggests that ger¬ 
mination is best in green and blue light- Uredospores of 
P. graminis tritici gave percentage germinations of 0 and 
83 in Congo-red solution in the light and in the dark, and 
corresponding figures of 66 and 79 in a solution of a light- 
green dye. Spores of P. graminis avenae similarly treated 
gave 8, 82 , 88 and 87 per cent, germination. From this it 
was concluded that the yellow and red lights inhibited 
germination. 

This apparent discrepancy indicates that while, at high 
light intensities, light of short wave-length is the most 
injurious to the spores, yet the yellow and red lights have 
a more depressing effect on the actual process of germina¬ 
tion without necessarily injuring the spores themselves. 

G. Nature of Medium in which Spores are Sown 

(i) Hydrogen-ion concentration. The effect of hydrogen- 
ion concentration on the germination of spores of a number 
of fungi has been investigated (794). For example, both 
ascospores and conidia of Ustulina vulgaris (812, 813) 
germinated over a range of />H 2 - 9 , although the conidia are 
slightly more tolerant of acidity and less so of alkalinity 
than are the ascospores. Germination of uredospores of 
certain rusts also takes place over a fairly wide range of 
pH, but the limits and the optimum vary slightly with the 
species (735). Most of the spores examined germinate beat 
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in acid media, but some, such as conidia of Colletotrichum 
gossypii, are favoured by slightly alkaline media, and others, 
such as conidia of a species of Fusarium isolated from 
cotton bolls, germinate equally well in slightly acid or 
slightly alkaline media. The fall in germination is usually 
more rapid on the acid side than on the alkaline. 

(ii) Presence of Nutrients, Many spores germinate freely 
in distilled water, but the germ-tubes grow more slowly than 
in a nutrient solution. Others show a greater percentage 
germination in certain nutrient solutions than in water. It is 
necessary to distinguish between the effect of the nutrients 
on germination and on growth of the germ-tubes. Thus, 
spores of Botrytis cinerea or Fusarium fructigenum ger¬ 
minate more slowly in 3 per cent, malt extract or undiluted 
turnip extract than in more dilute solution or in water, but 
the final percentage germination may be higher in the con¬ 
centrated solution while the germ-tubes continue to grow 
over a longer period and so reach a greater length in the 
concentrated than in the dilute one. 

Fructose and sucrose increase germination of ascospores 
and conidia of Ustulina vulgaris {812, 815), but glucose 
and maltose actually reduce the amount of germination 
below that in distilled water. Potassium nitrate and calcium 
nitrate increase and sodium nitrate reduces germination. 
The best source of potassium is potassium acid phosphate. 
Magnesium sulphate is also stimulatory. Synthetic media 
containing fructose or sucrose, potassium (or calcium) 
nitrate, potassium acid phosphate and magnesium sulphate, 
such as Leonian’s or Richard’s media, give the best results. 
Germination of the smut spores of Tilletia tritici and T. 
levis {316) is promoted by nitrogen salts or potassium salts, 
but retarded by phosphates. Conidia of Glomerella 
cingulata require a nutrient solution containing glucose, 
ammonium nitrate, potassium acid phosphate and magnes¬ 
ium sulphate for good germination (458). 

It is well known that inoculation of plants with suspen¬ 
sions of spores of certain plant pathogens is often more 
successful if the spore suspension is made up in a nutrient 
solution than in water. Spores of Botrytis cinerea in 
water are unable to infect heathy lettuce leaves, but enter 
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through yellowing ones, while spores in grape juice pene¬ 
trate the healthy ones (85). This may be due to better 
germination in the nutrient solution or to a more vigorous 
growth of the germ-tubes or to the protecting effect of the 
nutrient solution against other adverse factors. A number 
of examples has already been given of the added resistance 
to unfavourable temperature, or CO2 concentration, of 
spores sown in nutrient solutions compared with those in 
water, 

(iii) Stimulating Substances, Spores often show im¬ 
proved germination in the presence of traces of various 
substances which are not usually considered to be of food 
value. The stimulation of ascospores and conidia of 
Ustulina vulgaris by extracts of the wood of certain trees 
may be correlated with the ability of the fungus to para¬ 
sitise these trees (812, 815), Beech is particularly suscep¬ 
tible and spore germination is particularly good in beech 
extract. 

Spores of a strain of Daldinia concentrica isolated from 
Platanus germinate well on an agar medium containing 
an extract of the wood of this tree, while those of the more 
typical strains isolated from ash are unable to do so (148). 

If drops of water are placed on the surface of the leaves 
or petals of various plants, substances diffuse out into the 
water which influence the germination of Botrytis spores 
(95). The effect is often stimulatory, but is occasionally 
inhibitory. Germination of spores of Botrytis cinerea and 
some other fungi is similarly stimulated by volatile sub¬ 
stances from plant tissues, such as apple leaves and fruit, 
leaves of Ruta or Eucalyptus^ and inhibited by those from 
others, including potato tuber and leaves or bulb scales of 
onion (96). 

A consideration of the literature on the stimulation of 
germination of fungal spores by substances of plant origin 
suggests that ^germination of certain fungal spores will not 
occur when external supplies of particular activators are not 
available” (91). These '"activators” are normally produced 
by actively metabolising tissues, and are released into an 
aqueous medium from which they are absorbed by the 
spores. A number of such activators probably exists, each 
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of which is produced by tissues of a large number of species. 
The dependence of germination of certain spores on the 
presence of such an activator is probably due to the failure 
of these spores to synthesise the stimulatory substance. 
The chemical composition of the activator has not usually 
been determined. Germination of spores of Botrytis cinerea, 
Fusarium fructigenurn and of certain rusts and smuts is 
increased by the presence of a trace of an extract of lentils 
which is known to contain thiamin and biotin {694), 
but which almost certainly also contains other growth- 
substances. The rate of germination of spores of mutant 
strains of F. fructigenurn is correlated with tlie thiamin 
content of the spores.^ It is probable tliat this vitamin may 
act as an activator for the germination of certain spores. 
Other vitamins, known to act as growth-substances for 
fungi, may play a similar part. The medium on which the 
parent cultures were grown may influence spore germina¬ 
tion. Spores from colonies of Diplodia zeae grown on oat¬ 
meal agar show a particularly high rate of germination 
(390). Conidia of B, cinerea or F. fructigenurn (694) from 
colonies grown on a synthetic medium with the addi¬ 
tion of the extract of lentils germinate more rapidly than 
those of equal maturity from a similar medium without the 
extract. This difference may be correlated with the growth- 
substance content of the spores. Thus the influence of the 
medium on which the parent cultures were grown is prob¬ 
ably due to the concentration of stimulatory substances in 
the medium and the subsequent storage of these in the 
spores or to the suitability of the medium for the synthesis 
of the activators by the parent hyphae, leading to a similar 
accumulation in the spores. Sufficient thiamin to permit 
germination is stored by spores of Phycomyces blakes- 
leeanus (iii i). Since this fungus is unable to synthesise the 
vitamin, the supply in the spores must have been obtained 
from the medium on which the parent colony was grown. 

(iv) Inhibitory and Toxic Substances. It has already been 
pointed out (p. 227 ) that substances diffusing out of plant 
tissues are by no means always stimulatory, but may ac¬ 
tually inhibit the germination of fungus spores. Volatile 

^ Unpublished experiments by the author. 
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substances from certain plant tissues, such as onion leaves 
or bulb scales, are also harmful (96). The presence of such 
inhibitory or retarding substances in the host plant is a 
form of resistance to fungal attack. Even substances which 
normally stimulate germination will retard it if their con¬ 
centration is too high. 

The prevention or retardation of spore germination is the 
object of many routine fungicidal treatments of crop plants 
since, where infection takes place by means of spores, it is 
sufficient to prevent germination in order to prevent attack. 
The effect of fungicides on spores of plant pathogens and 
the use of spore germination as a measure of the efficiency 
of various fungicides have been discussed by numerous 
recent investigators and need not be entered into here. 

H. Effect of the Presence of Other Micro-organisms 

Laboratory experiments with suspensions of a single 
kind of spore do not always give an accurate picture of the 
relation between the spore and its normal environment. 
Where spores are germinating under natural conditions, 
they usually do so in the presence of far fewer of their own 
kind than in laboratory experiments, but they are subject to 
competition from those of other species, from hyphae of 
various fungi and from yeasts and bacteria. It has already 
been pointed out that germination in very dense spore 
suspensions may be less than in sparse ones, probably as a 
result of competition for oxygen. 

Culture media, such as Richard’s solution, in which 
Fusarium fructigenum has grown, soon become unsuitable 
for germination of Botrytis cinerea (73, 594, 595). This is 
not due to exhaustion of the nutrients, but to the produc¬ 
tion of toxic metabolic products by the Fusarium. The 
presence of spores of Botrytis allii in infection drops con¬ 
taining Monilia fructigena reduces the vigour of attack by 
the latter, probably by the production of staling substances 
of B. allii (7731). Spores of Coprinus sterquilinusy which 
germinate readily on agar media without any special pre- 
treatment, are unable to germinate if sown on fresh horse 
dung owing to competition from spores of other fungi 
which germinate more rapidly (107). Normally the Coprinus 
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spores are shed on to the grass and eaten by the animal, 
and have already begun to germinate before their excretion 
with the dung ball. They are then able to establish them¬ 
selves before chance infection by rapidly growing forms 
leads to the occupation of the available substrate. 

Better germination is obtained with washed spores than 
with similar unwashed ones of Diplodia zeae taken from 
a culture on oatmeal agar (390). The washing probably re¬ 
moves some inhibiting staling product of the parent colony. 

Germination may sometimes be favoured by the presence 
of other organisms. Basidiospores of the common mush¬ 
room germinate slowly in pure culture, but the presence 
of the germ-tubes of the first ones to germinate stimulates 
others (251)- Pieces of mycelium have a similar effect. 
Single ascospores of Ophiobolus graminis germinate on 
potato dextrose agar less readily than those in a thick sus¬ 
pension (573)* The spores may contain some stimulating 
substance, which is unlikely to be the same as the growth- 
substance for hyphal growth which is known to be present 
in the medium. The amount of this substance in a single 
spore is probably insufficient for germination. The germi¬ 
nation of basidiospores of certain Hymenomyceles is stimu¬ 
lated by the presence of the yeast Torulopsis sangiiinea 
(268) and germination of spores of certain coprophilous 
fungi may be dependent on the presence of bacteria (526). 

4—SUMMARY OF CONDITIONS FAVOURING SPORE 

GERMINATION 

The general conditions necessary for the germinaiion of 
fungal spores may thus be summarised as follows. The 
first essential condition is that the spore should be of the 
right degree of maturity and that the wall should be perme¬ 
able to water and gases. The first step in the germination of 
a typical spore is likely to be the intake of water, and this 
necessitates the presence of an ample supply of water or 
water vapour. Most spores, therefore, will germinate only 
in water or in a saturated atmosphere. The conidia of the 
powdery mildews are an exception. These germinate at 
relatively low humidity. Brodie (81) has suggested that 
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with these spores the first step in germination is not the 
intake of water but the elimination of carbon dioxide. 
This hypothesis is supported by the fact that the spores 
usually do not germinate until they are detached from the 
chain in which they are formed, when the thin papilla, 
corresponding to the pore in the original septum between 
the spores, is exposed and probably offers an easy path of 
entry of oxygen and exit of carbon dioxide. Moreover, a 
slight reduction in atmospheric pressure, which would 
probably facilitate the elimination of carbon dioxide, 
accelerates germination. 

Germination of all spores is retarded by excess carbon 
dioxide, particularly at low temperatures. This suggests 
that the elimination of this gas is an important step in 
germination, not only of the conidia of the powdery 
mildews, but of fungal spores in general. 

Germination is strikingly influenced by temperature, 
although the optimum and limiting temperatures vary with 
the species and type of spore. Since temperature influences 
the rate of intake of water and of chemical processes in¬ 
volved in germination, one would expect it to exert a pro¬ 
found influence on germination itself. The lethal high 
temperatures are much higher than those inhibiting 
germination. The same is probably true of the lethal low 
temperatures, but less exact data are available. 

In contrast to the effect of temperature, light of moderate 
intensity has very little influence on rate of germination. 
Strong light, however, reduces the viability of spores and 
hence retards or inhibits germination. 

Most spores contain sufficient reserve foods, growth- 
substances and enzymes, or the precursors of these to 
permit germination in distilled water. Germination of some 
spores, however, is dependent on the presence of an ex¬ 
ternal supply of some or all of these substances, while that 
of others is more rapid in nutrient solutions than in water. 
Once germination has begun, an external supply of nu¬ 
trients is obviously necessary, but some germ-tubes are 
able to synthesise the necessary growth-substances and 
enzymes from simple sugar-salts solutions. The problem 
then becomes the problem of normal vegetative growth. 
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The external factors influencing germination and subse¬ 
quent growth do not act independently, but interact so 
that any one factor may modify the effect of another. It has 
already been pointed out (pp. 200 , 219 ) that the inhibitory 
effect of carbon dioxide on germination is relatively greater 
at low temperatures (97) and under conditions of poor 
nutrition^ The range of humidity over which spores may ger- 



Fic. 34. —Combined Effect of Temperature and Humidity on Growth of 

Germ-tubes of *'Alternaria citri” (after Tomkins). 

Curves show response to temperature at different relative humidities, as indicated 
in key. 

minate is greatest at the optimum temperature (765). Con¬ 
versely, the range of temperature permitting germination 
decreases with falling humidity (Fig. 34 ). A consideration 
of the processes involved in germination offers a possible 
explanation of this interaction of external factors (763). 
Thus, in the absence of an external supply of nutrients the 
spore during germination takes in water and gives out 
carbon dioxide, so that the rate of growth may be taken as 
approximately proportional to the rate of uptake of water, 
that is, it will vary with the difference (P— p) between the 
potentials of water in the atmosphere (P) and the proto¬ 
plasm ip). P will be directly related to relative humidity, 
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but or the work required to introduce water into the cell, 
will depend upon a combination of factors, such as the 
"swelling pressure” of the gel of the cytoplasm, the osmotic 
pressure of dissolved substances and the effect of the cell 
wall. When P —p = 0 , germination will thus be inhibited. 
Any factor, such as intake of nutrients, tending to reduce p 
will increase the value of P—/), so that, to inhibit germina¬ 
tion, the value of P (or the relative humidity) must also be 
reduced. Since /> is a function of temperature, changes of 
temperature will alter the value of P— p, and hence the 
interrelation of the effects of temperature and humidity 
may be explained. 

General references for further reading 

VII A. Gottlieb, D., 1950 . The Physiology of Spore Germination in 

Fungi. ‘'Dot. Rev.” XVI, 229 - 57 . 
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Chapter Eight 

INTERACTION WITH OTHER ORGANISMS 


A. INTERACTION BETWEEN FUNGI AND HIGHER PLANTS: 

1 Physiology of Parasitism — 2 Mycorrhizae. B. INTER¬ 
ACTION WITH ALGAE: I Fungi Parasitic or Epiphytic on 
Al^ae — 2 Lichens. C. INTERACTION WITH OTHER 
FUNGI AND BACTERIA: I Fungi Parasitic on Others — 

2 Antagonism between Micro-organisms: Production of Anti¬ 
biotics — 3 Stimulation of One Micro-organism by Another. 
Z). INTERACTION WITH ANIMALS: 1 Relationships be¬ 
tween Fungi and Microscopic Animals — 2 Fungi and Insects — 

3 Relationships with Higher Animals. 


The earlier chapters of this book have dealt largely with 
the results of experiments on the behaviour of fungi in pure 
culture and in a controlled environment. Such studies are 
indispensable to an understanding of the physiology of 
fungi, but are subject to the criticism that they bear little 
relation to the conditions under which fungi normally live. 
Environmental conditions are usually not constant, and it 
is seldom that a fungus in its natural habitat occurs in 
anything approaching a pure culture. 

Fungi and other organisms may interact in various ways. 
Many fungi are parasitic on green plants, other fungi or 
various animals. Some which cause serious losses of crop 
plants or diseases of animals, including man, are of great 
economic importance. Others live more or less symbiotic- 
ally with unrelated organisms. Others again are themselves 
parasitised or the development of their mycelium or spores 
is inhibited by other fungi or bacteria. The balance of the 
relationship between living things is subject to the influence 
of the environment and may alter from parasitism to 
symbiosis with changing conditions, hence it is not always 
possible to distinguish clearly between a parasitic relation¬ 
ship and a symbiotic one. The physiology of typical para¬ 
sites on higher plants will first be considered. 
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A. INTERACTION BETWEEN FUNGI AND HIGHER 

PLANTS 

1—PHYSIOLOGY OF PARASITISM 

Fungi are responsible for a large proportion of the dis¬ 
eases of higher plants, including those of the major crop 
plants. Accordingly, much research has been devoted to 
the problem of the physiology of parasitism, since intelli¬ 
gent control of disease largely depends on a knowledge of 
host-parasite relationships. 


A. Specialised and Non-specialised Parasites 


Fungi parasitising higher plants may be divided into two 
main groups, non-specialised parasites which are usually 
facultative and obligate or specialised parasites. The 
former are able to live saprophytically, and complete their 
life-cycle in the absence of the host plant, and may be culti¬ 
vated on artificial media, which thus simplifies the study of 
their physiology. They excrete substances which kill the 
host cells in advance of the hyphae, and so to some extent 
they live saprophytically within the host. 

In contrast, the obligate parasites have not yet been 
cultivated apart from the living host cell. Their spores may 
germinate in water or nutrient solutions, but the germ- 
tubes remain comparatively short and do not develop into 
a mycelium. Obviously the study of the physiology of 
such a fungus is much more difficult than that of a faculta¬ 


tive parasite, since it lives only in the complex living plant 
cell. The host cells are not normally killed, at least until 
a late stage in the progress of the disease. Many observers 
emphasise that the parasite tends to reach a temporary 
phase of balance with the host, during which neither host 
nor fungus is obviously injured by the association. Later 
the host may be killed or seriously injured by the parasite, 
which then usually forms resting bodies. While the hyphae 
of facultative parasites are usually intracellular, the obligate 
parasite is either unicellular, so that the whole organism is 
within the living host cell (e.g. Synchytrium endohioticuni)^ 
or the hyphae remain on the surface (e-g. powdery mildews) 
or in the intercellular spaces and push haustoria into the 
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host cell from which they derive their nourishment (e.g. 
rusts and downy mildews). Obligate parasites tend to induce 
gall-formation in their hosts, although this is not invariable. 

A few facultative parasites also cause hypertrophy of the 
host. The host range of an obligate parasite is always 
narrow, and the tendency for the development of bio¬ 
logical races, each with a very restricted host range, is 
greater than among facultative parasites. Some facultative ~ 
parasites, however, have a very restricted host range. 
Such fungi as Botrytis cinerea or Rhizoctonia solani attack 
a wide range of plants, yet they exist in a number of 
strains which, although sometimes indistinguishable mor¬ 
phologically, show great differences in host range and have 
each a more restricted range than that of the "species 
group” as a whole. The general differences between the two 
types of parasite have been summarised by Brown (viii b) 
as in Table 31 , but it must be emphasised that many inter- 


TABLE 31 

General Differences between Facultative and Obligate Parasites 


Facultative Parasites 

1. Readily cultivated on artificial media. 

2. Relatively wide host range. 

3. Hyphae inter- or intracellular. 

4. Tissues of host killed in advance of 

hyphal growth. 

5. Galls seldom induced. 


Obligate Parasites 

Cannot be cultivated on artificial media. 

Narrow host range. 

Hyphae intercellular vath intracellular 
haustoria or fungus unicellular en¬ 
tirely within host cell. 

Tissues of host not killed until late stage, 
symbiosis shown in early stages. 

Tendency to induce gall-formation. 


mediate types are known. Moreover, many fungi which 
were formerly considered to be obligate parasites have now 
been cultivated, and are merely classed as forms difficult 
to culture. For example, many smuts have now been grown 
in artificial culture and some will even complete their life- 
history under suitable conditions. 

Brown (viii a, b), to whom we owe a large part of our 
knowledge of the physiology of host-parasite relationships, 
distinguishes several stages in parasitism, namely, the pre¬ 
penetration stage, the actual penetration of the host and 
the post-penetration stage when the parasite has gained 
entry into the host plant. 
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B. Pre-penetration Stage 

Before penetration can occur, the parasite must reach a 
suitable position for attack in contact with a vulnerable 
part of the host. With some diseases any part of the host’s 
surface may be susceptible, with others only the young 
parts or alternatively only old, semi-moribund parts are 
vulnerable, or entry may be possible only through a wound 
or through some special part of the host, such as the stigma. 
Some root parasites invariably enter through the root hairs. 

The parasite must also be in a suitable form for attack. 
Sometimes, particularly with crowded crop plants, my¬ 
celium is able to grow from one plant to another. The 
rhizomorphs of Armillaria mellea may spread through the 
soil from root to root. Fungi which attack the a^e^al parts 
of plants usually produce numerous spores, which are 
readily dispersed. Even if these reach a new host plant 
while they are still in a viable condition, they are unable to 
attack unless conditions are suitable for their germination 
and for the growth of the germ-tubes. Environment is 
therefore of great importance during this pre-penetration 
stage. The general effects of external conditions on the pro¬ 
duction and dispersal of spores and on their viability and 
germination have already been discussed in previous 
chapters. The special relation of these effects to parasitic 
attack must now be considered. 

Spores may be carried to the host plant by air currents, 
they may be splashed by raindrops from an infected plant 
or part of a plant on to a healthy one, or they may be carried 
by animals, particularly insects. Obviously environmental 
conditions determine whether the spores reach a suitable 
host or not (viii E, 173). 

The incidence of rust epidemics on cereals in Norlli 
America is closely correlated with the direction of the prevail¬ 
ing winds. One of the most important of these cereal rusts is 
the black-stem rust of wheat caused by Puccinia graminis. 
The teleutospores of this fungus are able to survive the 
severe winters of the North American wheat belts and to 
produce basidiospores in the spring. These are unable to 
reinfect wheat directly, but infect the alternate host, 
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certain species of barberry, on which aecidiospores are 
produced capable of infecting wheat. The barberry in this 
area has been greatly reduced by a vigorous eradication 
campaign, but sufficient plants remain to provide localised 
foci of infection. The disease, however, often occurs almost 
sirnultaneously over a wide area, so that some other source 
of infection must be sought. Uredospores, which are formed 
on wheat, are able to reinfect the same host, and are the 
chief agent of spread of the disease during the summer, but 
do not survive the winter north of Texas. When the pre¬ 
vailing winds in spring and early summer are southerly, 
they carry clouds of viable uredospores from infected crops 
in the south, where the winters are mild. These wind-borne 
spores infect the later-sown crops farther north. These bear 
uredospores which in turn infect crops still farther north. 
The northward spread of particular races of rust has been 
followed in favourable seasons. Conversely spores are 
blown from cool regions to reinfect autumn-sown crops in 
those parts of the world, such as the plains of India, where 
the summer temperatures are too high for survival of the 
rust fungi. Such infection of crops by wind-borne uredo¬ 
spores of a number of cereal rusts has been demonstrated 
in many parts of the world. 

Most fungal spores are so light that they are easily 
carried long distances by slight air movements. Sprayed 
apricot trees have been shown to be reinfected by spores of 
the brown-rot fungi from unsprayed trees nearly 4,000 feet 
away during periods when the wind velocity did not 
exceed 5 m.p.h. (817, 818). Nevertheless, with most wind- 
dispersed plant diseases the incidence of the disease de¬ 
creases rapidly with distance from the source of infection. 
Plants infected from the original source become sources of 
infection themselves, and the disease may thus become 
widespread. The number of crown rust pustules per plant 
fell from 10-38 in oats adjacent to an infected bush of 
buckthorn (the alternate host) to 0-35 on those at a distance 
of 175 feet.' The average number of cankers of Cronartium 
rihicold per million Pinus leaves fell from 46-5 at a distance 
of 0-10 feet from an infected bush of the alternate host 

* Cited in (304). 
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{Ribes sp.) to 2-0 at 100-110 feet (104). From data of this 
type Gregory (304) attempted to work out mathematical 
formulae for the rate of deposition of spores. He concluded 
that wind eddies, by spreading and dispersing a cloud of 
spores given off from an infected host, play a big part in 
determining the gradient of deposition at increasing dis¬ 
tance from the source. Wind-borne spores are obviously 
dependent on air currents, but conditions of temperature, 
rainfall and light may also favour or hinder their chances 
of reaching a susceptible host. Heavy rain may wash the 
spores out of the atmosphere and so limit the radius of 
spread. Strong sunlight may reduce the time during which 
spores in the upper air remain viable. Temperature may 
also influence the longevity of the spores) Experiments in 
which glass slides are exposed from aircraft at various 
heights show that, while the number of spores falls rapidly 
with increased height, yet many reach a surprisingly great 
distance above the earth’s surface, and are thus exposed to 
different conditions of light and temperature from those 
obtaining at or near ground-level (viii n). Wastage of 
wind-borne spores from various causes is enormous (see 

p. 4 ). 

Dispersal of spores by rain splashes occurs with a 
number of plant pathogens, such as Ph^ytophthora in- 
festans, the cause of late blight of potatoes. Weather 
conditions obviously determine the spread of such fungi. 

Where fungal spores are carried by insects, successful 
dispersion depends on conditions being suitable for the 
activities of the insect. 

Even when the spores have been deposited on a suitable 
host plant, successful infection is by no means assured. 
Conditions must be suitable for germination and, as shown 
in the preceding chapter, the requirements for spore 
germination may be exacting. 

Successful invasion of the host by the numerous soil 
fungi causing damping-off or root rots is dependent on soil 
conditions. The temperature, moisture content, physical 
texture, reaction and the nature and concentration of 
organic and inorganic nutrients of the soil, together wit^ 
the activities of other soil organisms, all influence ^e 
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growth of parasitic soil fungi and their chances of reaching 
and penetrating a suitable host plant (vi a). Soil fungi have 
been divided into two groups, the soil inhabitants and the 
soil invaders (627, 628, 629, 777). The former, which 
include some species of Fusarium, are a normal part of the 
soil flora, and are able to live saprophytically in the absence 
of suitable host plants. Their presence and survival in the 
soil depend on soil conditions, but they are usually widely 
distributed in a suitable soil and hence the problem of 
migration from one host plant to another(does not arise. 
The soil invaders, however, are incapable of prolonged 
survival in the soil in the absence of the specific host plant. 
Some, such as Synchytrium endobioticum^ which causes 
the black-wart disease of the potato, or Plasmodiophora 
brassicae causing club-root of crucifers, are obligate 
parasites and exist in the soil only as resting spores, set 
free by the decay of the host, and later giving rise to 
zoospores which reinfect the susceptible plant. Soil con¬ 
ditions determine the length of survival of such resting 
spores, and also the ease with which the zoospores are able 
to reach a new host plant. A high water content is an ob¬ 
vious necessity for successful spread by zoospores. Others, 
such as Ophiobolus graminis^ the fungus responsible for 
the take-all disease of wheat, survive in the mycelial state 
on the dead remains of the host for a brief period. Com¬ 
petition by other soil organisms restricts the spread of 
Ophiobolus^ the mycelium of which may be actually con¬ 
sumed by soil saprophytes (282). Some fungi spread 
through the soil by means of individual hyphae, as with 
Rhizoctonia solani, the cause of black scurf of potato and 
damping-off of various seedlings; others by hyphae aggre¬ 
gating into strands, as with Fomes noxius, causing brown 
root disease of plantation crops such as rubber and tea, and 
Phymatotrichum omnivorum, the cotton root-rot fungus; 
yet others by definite rhizomorphs, which may show 
differentiation of an outer, tougher skin, as yn\.\i Armillaria 
mellea^ causing decay of roots of many woody plants. The 
rate of progress of these strands through the soil is ob¬ 
viously determined by soil conditions. 

The effect of soil conditions on the spread of root-rot 
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fungi and on the occurrence of root diseases has been 
recently described in detail by Garrett (vi a), so that it will 
be sufficient to cite only a few examples here. 

Temperature may influence the rate of spread of a 
parasitic fungus through the soil by a direct effect on rate 
of growth of the hyphae; for example, the optimum 
temperature ( 28 "^ C.) for development of stripe disease of 
seedlings of wheat and other cereals is approximately the 
same as that for mycelial growth of the causal organism 
{Helminthosporium sativum) (481). Temperature may also 
act indirectly by influencing host-plant metabolism or the 
growth-rate of other soil organisms. The optimum tempera¬ 
ture for growth of Ophiobolus graminis is„close to that 
for Helminthosporium^ but the incidence of the take-’all 
disease in a particular sample of unsterilised soil was great¬ 
est at a much lower temperature (between 12 ° C. and 
16 ° C.). In sterilised soil, however, increase in temperature 
increased the amotnit of the take-all disease. The direct 
effect of temperature on growth of O. graminis in un¬ 
sterilised soil was here masked by the acceleration of growth 
of the rest of the soil microflora, which checked the growth 
of Ophiobolus (351). In general, the disease is most serious 
at 25 ° C. 

A high soil-moisture content increases the incidence of a 
number of root diseases, including club-root of crucifers, 
various root rots caused by species of Pythium and 
Phytophthora^ and others in which the host is infected by 
free-swimming zoospbres. The development of some soil- 
borne diseases, such as the cereal smuts, is checked by high 
soil moisture, probably as a result of poor aeration (vi a), 

c. Penetration 

When a parasitic fungus has reached the appropriate 
host plant, there remains the problem of penetration. Even 
ectoparasites, such as the powdery mildews, in which the 
mycelium is entirely external to the host, must penetrate 
the cuticle and ceE wall to form haustoria in the epidermal 
cells. 

Some fungi are "wound parasites,” that is, they enter 
only through a wound or discontinuity in the surface of 
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the host. Many wood-destroying parasites of trees enter 
only through wounds made by animals, including wood- or 
bark-boring insects, by wind damage or in pruning. Natural 
wounds, such as those made by the emerging roots of 
bulbs, may afford entry to parasitic fungi. Fusarium 
bulbigenum, which causes basal rot of narcissus bulbs, 
enters either through such wounds or by way of the dying 
roots in late summer (302, 335, 341). Resistance to wound 
parasites is often correlated with the speed of formation by 
the host of gum, cork or callus, which constitute mechanical 
barriers to penetration. 

/Many parasitic fungi enter the host plant by way of the 
stomata or through lenticels or water pores. Others pene¬ 
trate th€ epidermis directly through the uninjured cuticleJ 
The process of penetration has been studied for a number 
of unrelated fungi, including Botrytis cinerea {49) (Fig, 35 , 
a-/), Colletotrichum lindemuthianum (195) (Fig 35 , g~j) 
and Puccinia graminis (791) (Fig. 35 , k-o). In all these the 
young germ-tube has a mucilaginous envelope which en¬ 
ables it to adhere to the surface of the host. Often the 
germ-tube swells up at the point of contact with the host 
to form an appressorium, which may be thick-walled (Fig. 
35 , c, d, g)* From this a very fine tube or ''infection hypha” 

Fic. 35.—Penetration of Host by Fungal Hyphae. 

(o-/) Botrytis cinerea (after Blackman and Welsford). (a) Germinating conidium, 
genn*tube surrounded by mucilage. (6) Spore germinating on surface of leaf of broad 
bean (Viciafaba). (c, d) Formation of appressoria (A), where tips of germ-tubes are 
in contact with leaf (to which they are attached by mucilage), (e) Partial and (f) com¬ 
plete penetration of cuticle which has become swollen in response to attack, (g-j) 
Colletotrichum liruiemuthianum (after Dey). (g) Conidium (C) which has germinated 
and formed an appressorium (A) on surface of pod of Phaseolus vulgaris, {h) and 
(i) Stages in penetration of cuticle by slender infection hypha put out by appressor¬ 
ium. (/) Penetration between guard cells of a stoma. (A-o) Puccinia graminis (after 
Waternouse). (A) Sporidium (basidiosporc) attached to surface of leaf of b^berry 
{Berberis vulgatus) and putting out a beak at point of conUct with host which has 
caused a corresponding depression in the cuticle. (/) Penetration of cuticle by fine 
hypha from sporidium. (m) Penetration hypha from appressorium (A) at tip of short 
germ-tube developed from a sporidium. (n, o) Expansion of haustorial process m 
host cell, ip-s) Puccinia triticina (after Allen), (p) Appressorium (A), formed at tip 
of germ-ti^ from uredospore, in contact with guard cell (seen in longitudinal section) 
of stoma of leaf of Little Club wheat, (g) Penetration between guard cells has taken 
place and fungus has formed a large substomatal vesicle (V). (r) Second day 
inoculation. Hypha has grown from vesicle and is in contact with cells of mesophyll 
of host. A terminal haustorial mother cell (M) has been cut off. (j) Sixth day 
inoculation. A haustorium (H) haw been formed from the haustorial mother cell and 
is seen inside the host cell. The appressorium is now shrivelled and empty of contents 
and the substomatal vesicle is almost empty. (X 700.) 
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is developed which penetrates the cuticle. The epidermal 
wall may become thickened at the point of penetration, 
as with the powdery mildews, or it may show alteration in 
staining reaction indicating that chemical changes have 
taken place. Where penetration is through the stomata, as 
with the uredospores of P, graminis and other rusts, an 
appressorium may be formed above the stoma (Fig. 35 , p). 
A fine hypha emerges and forces its way between the guard 
cells. It may then swell up to form a substomatal vesicle 

(Fig. 35 , q) (3, 4, 5, 125, 791), 

The problems of the nature of the stimulus leading to 
penetration and of the actual mechanism employed have 
long interested plant pathologists. The earlier workers 
considered that the stimulus was a chemical one! Miyoshi 
studied the response of fungal germ-tubes to substances 
such as plant extracts (521, 522). He either enclosed the test 
substance in a glass capillary tube, which was then placed 
in a drop of a suspension of spores in water, or put drops of 
the test substance and the spore suspension on opposite 
sides of various permeable membranes, such as collodion, 
or of perforated plates of mica or some other impermeable 
material. The germ-tubes were attracted by some substances 
at a suitable concentration, but not by others! Fulton (278) 
used similar methods, and claimed that the chemotropism 
of germ-tubes was a negative one away from the products of 
their own metabolism, while Graves (299) concluded that 
both types of chemotropism occurred, but that Fulton’s 
negative type was the most usual. Massee considered that 
penetration of the host cuticle by parasitic fungi occurred 
in response to the presence of attractive substances in the 
host plant, and further defined a specialised parasite as 
one which responded only to specific substances, while a 
non-specialised parasite would be attracted by many (491). 
Fungi may, however, penetrate the cuticle and yet be un¬ 
able to become established after penetration (577). Brown 
criticised such a theory of parasitism, and pointed out 
that the mica plate is not a good working model of an 
epidermis, since there is diffusive continuity through the 
holes of the model while the substomatal cavity is in general 
filled with air (viii b). There is no evidence that gases exert 
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a chemotropic attraction, although the germ-tubes of some 
rusts are attracted towards water vapour. Neither is there 
any evidence that chemotropism plays a part in direct 
penetration of the cuticle. A movement of germ-tubes away 
from metabolic products in an infection drop would 
most likely be towards the outside of the drop, that is, 
away from the epidermis, where free diffusion is hampered 
by the cuticle and the concentration of metabolites may be 
expected to be highest. Moreover, germ-tubes of Botrytis 
cinerea will penetrate strips of onion epidermis in either 
direction even after thorough washing to remove soluble 
substances. Hyphae also penetrate artificial membranes of 
hardened gelatine or paraffin wax independently of any 
initial distribution of nutrients (102). 

The failure of the cliemotropic theory to explain the 
observed facts of penetration led Brown to put forward the 
haptotropic theory, in which the stimulus leading to pene¬ 
tration is the actual contact with the surface of the host 
(93, 102). If spores of B. cinerea or of many other fungi 
are germinated on a glass slide, the apex of the young 
germ-tube swells up and forms an "attachment organ” by 
which the hyp ha adheres firmly to the surface. This is similar 
to the appressorium formed on the surface of the host and is 
similarly formed as a result of contact with a hard surface. 

The nature of the mechanism by which fungi actually 
penetrate the cuticle of an uninjured host plant has also 
received much attention. The earlier workers thought That 
the cuticle was dissolved away by enzymes or acids ex¬ 
creted by the fungus (185, 706, 788). Thus De Bary (185) 
claimed that hyphae of Sclerotinia libertiana penetrated 
the host only after preliminary feeding. If drops of nutrient 
solution were placed on the uninjured surface of the host, 
the hyphae penetrated directly, but hyphae growing in water 
formed appressoria which De Bary claimed excreted a toxic 
principle that killed the cells, so that their contents dif¬ 
fused out and became available for the parasite. No extract 
of fungal material prepared by De Bary had any effect on 
the uninjured cuticle.'Later investigators claimed that the 
cuticle could be destroyed by the secretion of oxalic acid 
by the fungus (706). Brown (92) prepared a highly active 
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extract of young germ-tubes of B. cinerea, and showed 
that while this brought about rapid dissolution of the 
cells if introduced into various plant tissues, yet it had 
no effect if drops w^e laid on the uninjured cuticle of even 
such delicate structures as flower petals. He then obtained 
convincing evidence that penetration is a purely mechanical 
process. Fungal hyphae will penetrate membranes such as 
collodion, gold-leaf film and paraffin wax (102). Hyphae 
of different species show different penetrating abilities as 
measured by penetration of gelatine membranes of graded 
hardness. Even prolonged exposure does not lead to pene¬ 
tration of membranes above a certain degree of hardness, 
indicating that the process is likely to be mechanical rather 
than chemical. Some plant organs are more readily pene¬ 
trated when the underlying cells are plasmolysed than when 
they are turgid, which is more readily explained by 
the mechanical theory than by the chemical one. Again, 
the thickness of the cuticle is a factor in the resistance of the 
host to the parasite. Many parasites are able to attack only 
young parts of the host in which the cuticle is relatively 
thin, or attack these more readily, while etiolated or 
"forced” plants are often more susceptible than normal 
ones. Resistance of the barberry to attack by Puccinia 
graminis has been shown to be correlated with the resistance 
of the leaf epidermis to artificial penetration measured by 
a mechanical device (496). Varietal resistance of host 
plants to particular pathogens has been correlated with 
thickness of cuticle in a number of instances, such as 
the resisf^ce of plum varieties to the brown-rot fungus 
(770). While the force necessary to penetrate the cuticle 
may be small, since it is exerted over such a minute area, 
yet it is considerable in relation to the size of the germ- 
tube. There is some evidence that the osmotic pressure of 
the germ-tube is greater than that of the host, and this 
might provide the necessary force (753, 754)- It is not, of 
course, excluded that some fungi may penetrate by 
chemical means, but the evidence brought forward in sup¬ 
port of particular claims is unsatisfactory, and consists 
merely of changes in the capacity of the cuticle to take up 
certain dyes or changes in its colour during penetration. 
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D. Post-penetration Stage 

Once penetration has taken place, the problem of fungal 
attack becomes one of actual spread within the host tissue. 
This may be associated with killing of the host cells as 
with a facultative parasite such as B. cinerea, or relatively 
little damage to the living host tissue as with the rusts 
which ramify in the intercellular spaces and merely push 
haustoria into the cells, which remain alive. 

Early in the study of plant pathology it was recognised 
that many fungal parasites kill the tissues in advance of the 
hyphae. Such an effect can only be due to chemical action 
through the production and excretion by the fungus of 
definite substances such as enzymes or acids. 

Some workers have favoured the view that oxalic acid is 
the killing agent concerned (706). Definite proof, however, 
has not been given. The conditions under which oxalic acid 
is produced by various fungi are usually clearly defined, and 
are seldom those obtaining during invasion of the host. 
Moreover, the action of oxalic acid when injected into plant 
tissues is different from the action of an invading fungus. 
Oxalic acid will actually kill cells of lettuce leaves, but 
in doing so bleaches them, whereas a fungus such as 
B. cinerea which also kills them causes the develop¬ 
ment of a red-brown colour (viii b). It is clear that the 
killing action of oxalic acid is not identical with that of the 
parasite, since the oxidising enzymes responsible for dis¬ 
coloration are destroyed by the former and not by the 

latter. 

De Bary (185) showed that the killing agent could readily 
be destroyed by heat, and suggested that it was probably 
of an enzyme nature. Many attempts to prepare an active 
extract of fungal hyphae containing this enzyme failed 
until Brown (92) prepared one from young germ-tubes of 
B. cinerea obtained by sowing the spores in thin films of 
turnip extract or other nutrient, on glass plates. Such an 
extract when injected into plant organs reproduces exactly 
the effect of the parasite itself. The pectin of the middle 
lamella of the cell walls is attacked by the enzyme, pectin- 
ase, secreted by the parasite, so that the cells readily separ- 
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ate and the tissue becomes soft or rotten. The cells are 
killed in advance of the penetrating hyphae, so that these 
are actually living saprophytically on the dead host cells. 

*Most investigators now agree that the rotting of the tissues 
is due to the action of the enzyme pectinase on the middle 
lamella,'but the nature of the killing agent which actually 
destroys the cells is by no means established. Active ex¬ 
tracts of fungal pectinase, such as those prepared by 
Brown’s method, reproduce exactly the effect on the host 
cells of the living parasite. These extracts, however, are not 
pure preparations, and the presence of both the enzyme 
and a different toxic substance is possible. The macerating 
and toxic principles secreted by B. cinerea are at least 
closely similar, since both are thermolabile colloidal sub¬ 
stances which respond similarly to H-ion concentration or 
to deactivation by heat or mechanical agitation and show 
the same properties of diffusion through various mem¬ 
branes (viii b). 

The group of diseases known as **wilts,” in which the 
host plant wilts and dies after the fungus (usually a species 
of Fusarium or Verticillium) has penetrated the roots, 
offers a rather different problem. The parasite usually 
invades the vascular tissue of the root. The wilting of the 
host may follow immediately or only after an interval. The 
fungus may spread throughout the plant, as with VerticiU 
Hum cinerescenSj one of the causes of carnation wilt, or 
may remain localised in the root, when the wilting effect is 
produced at a distance from the invaded areaJ Various 
interpretations have been offered of the cause of wilting, 
such as actual blocking of the vascular strands by mycelium 
or by the formation of gum or tyloses, or the production of 
various toxins which pass into the xylem and so permeate 
the vascular system and injure or destroy the conducting 
cells.'The toxin (lycomarasmin) produced by Fusarium 
lycopersici which causes wilting of tomato plants has been 
isolated and its properties studied. This substance destroys 
the semipermeability of the plasmatic membranes of the 
host cells, so that water no longer passes from cell to cell and 
irreversible wilting follows (286). Since the wdt diseases 
are by no means a homogeneous group, the toxin may not 

246 



INTERACTION WITH OTHER ORGANISMS 

always be the same, or may be absent altogether in those 
forms where mechanical blocking of the vessels has been 
demonstrated. 

While considerable progress has been made in the study 
of the physiology of such a non-specialised parasite as 
Botrytis after it has penetrated the host, the problem of the 
post-penetration activities of specialised or obligate para¬ 
sites, such as Puccinia graminis^ is much more difficult, 
since the latter type of parasite cannot be grown in artificial 
culture. Microscopic examination of the infected tissue and 
the study of the relation between the metabolism of the 
host and the development of the fungal invader afford 
indirect evidence relating to the physiology of the parasite. 

The insertion of haustoria into the host cell by an 
obligate parasite is probably a mechanical process indepen¬ 
dent of chemical action, since the penetration tube is 
always very fine, the "neck” of the haustorium remains 
thread-like (Fig. 7 ), and there is no evidence of destruction 
of the material of the cell wall. The effect of fertilisers, 
such as potassium salts, in increasing the resistance of 
plants to certain obligate parasites may be correlated with 
the effect of potash^ oi ^ cell-wal l development. Such a 
correlation has been shown in specific examples, such as 
the resistance of cereals to attack by the powdery mildew 
Erysiphe graminis (467). 

Cells of wheat leaves show no injury six days after inocu¬ 
lation with leaf rust Puccinia triticina (Fig. 35 , 5), and 
there may be only 1 per cent, dead cells in sixteen-day-old 
infections. The guard cells of the stoma through which 
penetration takes place are killed, however, probably by 
some substance secreted by the penetrating germ-tube. 
The nuclei of the cells of the mesophyll are strongly at¬ 
tracted toward the haustoria and ma.y be flattened against 
them, but do not appear to suffer from their presence 
(3, 4). Although the shape of the nuclei may be altered, 
they do not alter in size, in contrast to those of cells entered 
by haustoria of P. graminisy which swell and finally collapse 
and die. A further sign of health of the infected cell is that 
the plastids are not significantly reduced in size. Such a 
delay in obvious injury to the host cells has led many 
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observers to describe the initial stages of infection by rusts 
as symbiotic. 

No evidence is available on the important questions of 
why an obligate parasite cannot be cultured outside the 
host plant. It may well be that such a fungus has lost the 
ability to synthesise some complex growth-substance, 
associated with a vital enzyme complex, which is synthes¬ 
ised by the plant cell, but which is so rapidly oxidised on 
exposure to air that it cannot be extracted unaltered from 
that cell. Proof of such a hypothesis is obviously extremely 
difficult. 

E. Mechanisms of Host Resistance 

One of the most fascinating problems of the relations 
between host and parasite is the question of the specificity 
of the latter. Each parasite has its own particular range of 
susceptible host plants. Although this may be wide with 
some species of fungi such as Rhizoctonia solani or 
Botrytis cinereay yet within such a species there are usually 
a number of strains which may differ slightly or not at all in 
morphological characters, but which show distinct differ¬ 
ences in host range. Thus, strains of R. solani isolated from 
potato are usually less active in causing damping-off or 
wire stem of cruciferous seedlings than is one isolated from 
a crucifer (737). Conversely, this "crucifer strain” is less 
active than the "solanum” one in attacking potato or 
tomato. Strains of B, cinerea causing dieback of plants 
such as wallflower, antirrhinum or gooseberry, or atUck- 
ing lettuce or causing any of a number of other diseases 
attributable to this "species group,” are similarly most 
virulent on the appropriate host. Species of Fusafium 
too show races or strains with different host ranges. Obli¬ 
gate parasites, such as the grass mildew or the cereal rusts, 
usually exist in a large number of varieties, each of which 
consists of a number of morphologically indistinguishable 
physiologic races which are highly specialised in their host 
range and often attack only one or two varieties of a particu¬ 
lar host plant. Moreover, the same host may be susceptible 
to a particular pathogen or biologic race of it under one set 
of conditions and partially or totally resistant under another, 
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The problem of the resistance of plants to fungal or 
bacterial attack is of great practical importance. If the 
nature of the resistance of a particular plant to a particular 
pathogen is understood, the plant breeder may be better 
able to combine the factor for resistance to disease with 
other desirable characters and so produce a resistant variety 
of high quality. This, when it can be done, is usually the 
most satisfactory method of controlling disease. 

A fungus may fail to infect an otherwise suitable host 
plant by failing to reach it at a susceptible stage. Such an 
example of "disease escape” is that of the early potato 
varieties which, in England, do not usually suffer from 
blight due to Phytophthora infestans^ since they are lifted 
before the seasonal development of the fungus. When 
penetration is through stomata, as with the cereal rusts 
(326), or Cercospora beticola (590) attacking beet, the host 
may escape infection if the stomata remain closed until 
after the dew has dried, when fungal germ-tubes are unable 
to grow. Some investigators, however, have failed to trace 
any correlation between time of opening of stomata and 
incidence of fungal attack (296, 442, 603, 789). Again, the 
germ-tube of Puccinia triticina causes the stomata of 
wheat to close, but is still able to penetrate between the 
guard cells (126). 

Resistance may be due to the structure of the host plant. 
It has already been pointed out that thickness of cuticle 
may determine whether or not a fungus is able to penetrate 
the epidermis. The speed with which cork or gum barriers 
are formed by a wounded plant may also determine whether 
infection takes place. The ability to form a cork barrier is 
greater in varieties of narcissus resistant to basal rot 
caused by Fusarium bulbigenum than in susceptible ones 
(287), and the formation of gum in response to woimd- 
ing is correlated with the resistance of plum varieties to 
the fungus causing silver-leaf disease {Stereum purpureum 
(86)). Many other examples could be cited. 

Factors increasing the rate of healing of wounds may 
actually reduce fungal attack. Thus, gladiolus corms 
become immune to storage rot caused by Penicillium 
gladioli if they are stored at a relatively high temperature 
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for a short period immediately after lifting. Any wounds, 
such as slight scratches caused by lifting, are then protected 
by a layer of cork, the formation of which is favoured by 
high temperatures. P. gladioli is a wound parasite, and 
is unable to penetrate the undamaged epidermis or the 
cork barrier (422). Similarly, fungal rotting of sweet pota¬ 
toes is reduced by storage at a high temperature with low 
relative humidity which favours the formation of cork 
(421). Deep penetration of potato tubers by Spongospora 
solani^ the cause of corky scab, is normally prevented by 
the development of a cork layer, but in very wet soil this 
may be prevented and the parasite may cause a deep-seated 
canker. 

It is not clear whether the presence of the fungus reduces 
or increases the capacity of the host to produce cork 
barriers, but the well-known ability of fungi to produce 
heteroauxin on^a variety of media suggests that the parasite 
may actually stimulate the formation of a barrier. 

The thickness and chemical composition of the cell walls 
of internal tissues of the host may determine whether or 
not the fungus is able to spread after penetration. The 
average thickness of walls of varieties of plums and potato 
tubers is correlated with susceptibility to attack by species 
of Sclerotinia (175» 77 ®) ^*^d by Pythium de Baryanum 
(347) respectively. The ease with which Fusarium herbarum 
is able to destroy the cell walls of wheat seedlings is directly 
correlated with the pentosan content of the walls (285). A 
strain of Gibberella saubinetii attacks both wheat and 
maize, but attacks the former more readily at high tem¬ 
peratures and the latter at relatively low ones.^At low 
temperatures the wheat seedling has a high sugar content 
and a low nitrogen one which results in a more rapid 
thickening of the cell walls. At high temperatures the rate 
of protein hydrolysis in the endosperm is higher, with the 
result that the seedling grows rapidly and the cell walls 
remain thin^ Hence, attack takes place more readily at such 
high temperatures. The converse is true of the maize. Low 
temperature reUrds the thickening of the cell waUs of 
maize, and fungal attack is consequently more rapid at low 
temperatures (199-201). 
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The presence in the plant of some substance which 
inhibits the growth of a particular fungus frequently 
confers a measure of resistance. A high degree of acidity 
of the cell sap may confer resistance against organisms 
intolerant of an acid reaction. The increased suscept¬ 
ibility of older apple trees to rotting is associated with 
decreasing acidity, and the immunity of monocotyledonous 
plants to the cotton root-rot fungus Phymatotnchum 
omnivorum has been attributed in part to the presence of 
acids in the cell sap (242). Specific substances m the plant 
may favour some fungi and inhibit others. The mustard 
oils typical of the crucifers, inhibit the development 
of ’a number of fungi, but favour the development of 
Plasmodiophora brassicae, the cause of club-root of 
crucifers (361). Some substances such as phenols (219, 30c^ 
545) or tannins (130, 162) are generally associated with 

resistance. The tannin content of wood is inversely corre¬ 
lated with the rate of advance of certain heart-rot tunp 
(470). Other inhibitory substances are specific to certain 
plants. Berberine is a factor in the resistance of species 
of Mahonia to attack by Phymatotnchum (301), and 
catechol, which is present in greater quantity in pi^ented 
than in colourless onion scales, is said to explam the 
greater resistance of the former to disease ( 457 )* 

The pectinase theory of parasitism has afiforded an ex¬ 
planation of a number of examples of specificity. For 
example. Monilia fructigena normally attacks apple fruit, 
to cause the disease known as brown rot, while Botrytis allii 
does not. If, however, the latter is supplied with a sm^ 
quantity of nitrogenous nutrients, it is able to att^k apjHe. 
Apple extract is a suitable medium for growth of this 
fungus, but does not permit the formation of pectinase 
unless nitrogenous substances are added. Monilia, how¬ 
ever, is able to produce pectinase in apple extract alone, 
although it does so more freely when nitrogenous sub¬ 
stances are added to the extract/ The difference in the 
ability of these fungi to attack apple may be explamed by the 
fact that Monilia secretes an effective quantity of pectinase 
with a lower concentration of nitrogen in the substrate 
than tbai necessaiy for a similar secretion by B. alUi (771). 
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The effect of excess nitrogenous manuring in increasing the 
susceptibility of apple and other plants to fungal invasion 
may also be explained in this way. An actual correlation 
has been shown between the nitrogen content of individual 
apples and the rate of advance of rotting due to fungi 
(362). 

Differences in the effect of the substrate on pectinase 
secretion or on the activity of the enzyme secreted by 
various fungi are readily demonstrated. Thus the enzyme 
extracted from germ-tubes of B, cinerea is most active 
when the substrate is acid, while that secreted by Pythium 
de Baryanum is favoured by an alkaline reaction. The 
former is sensitive to the presence of certain salts to which 
the latter is relatively tolerant (i 50, 252, 509)!'The presence 
or absence of pectin in the substrate also influences the 
secretion of pectinase. The different properties of the 
enzymes secreted by different fungi offer a much more 
likely explanation of specificity in host range than a measure¬ 
ment of the quantity produced on particular media. The 
latter often bears no relation to parasitic vigour. The ability 
of species of Rhizopus to secrete pectinase on standard 
media is not correlated with their relative virulence in 


attacking stored sweet potatoes (330). Botrytis cinerea^ 
which does not normally attack potato, actually produces 
more pectinase in a potato-extract medium than does 
Pythium which is able to attack potato tubers. The tissue 
of potato tubers will normally take up water and may be 
described as "sub-turgid.” When water has been taken up 
so that the tissue is fully turgid, Botrytis is able to attack the 
potato. Both this organism and its enzyme are inhibited by 
the normal lack of turgor of the untreated potato tissue, 
while both Pythium and its enzyme are able to act at this 
level of turgor, although their activity increases with in¬ 
creased water content of the tissue (viii b). 

Other types of resistance are at present inexplicable. Of 
particular interest is the "resistance” conferred by hyper¬ 
sensitivity, Obligate parasites, as is well known, cannot 
survive in an active state except in the living host. If the 
host cell is so sensitive as to be killed immediately after 
penetration, the parasite is unable to spread to the neigh- 
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bouring cells. Such a type of resistance is well seen in so- 
caUed "immune” potato varieties which ^e not extensively 
invaded by the wart disease organism, Syrwnytium endo- 
bioticum, mving to death of the cells entered by the parasite 
and the subsequent inhibition of the latter. Cells of varieties 
of wheat resistant to Puccinia triticina violently to 

penetration by haustoria of the rust and collapse and die, 
thus preventing further development of the parasite (4), 
The resistance of the delicate cells of certain mosses and 
liverworts to attack by Botrytis and some other fungi is also 

difficult to explain. 


F The Physiology of Parasitism in Relation to the 
Design of Control Measures 
A knowledge of the physiology of a parasite is essential 
for intelligent control of the disease it causes. Fungi show 
specificity of reaction to various fungicides. For example, 
the powdery mildews are particularly sensitive to sulphur 
compounds, while copper compounds, such as Bordeaux 
mixture, give the best results in control of diseases due to 
Pythium, Phytophthora or the downy mildews. Certain 
chlorinated nitrobenzenes give exceUent control of disuses 
caused by species of Botrytis or Rhizoctonia^ but are either 
completely ineffective or actually ^imulatoi^ with ^thium 
or Phytophthora. The determination of the mechanism of 
fungicidal action is an important but hitherto neglected 
field of investigation. The time and place at which to apply 
a fungicide also depend partly on the physiology of the 


parasite. . 

A knowledge of the temperature ranges tor gerimnaUon, 

growth and sporulation of parasitic fungi is also^ of value, 

since the temperature of greenhouses or propagating boxes, 

or more commonly of storerooms for bulbs or potato tubers, 

may often be regulated in such a way as to give effective 

control. The storage of daffodil bulbs during the summer 

at a temperature below 20 ° C. prevents loss in storage from 

basal rot (339). 

Modification of the environment by means of soil tr^t- 
ment has already been referred to as a method of checking 
the^ctivity of soil parasites. 
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Pruning routine, the painting of wounds and the use of 
growth-substances to accelerate root development in cut¬ 
tings, or the formation of wound-cork, may all be modified 
to prevent fungal attack, provided something is known of 
the response of the parasite to such modifications. 

The nutrients present in the host plant and available to 
the parasite may also be altered in such a way as to prevent 
it from becoming established. The removal of dead leaves, 
shoots or flowers which may provide a source of prelimin¬ 
ary nourishment for such a facultative parasite as Botrytis 
cinerea may prevent subsequent parasitic invasion. The 
manuring of the host plant modifies the composition of the 
cell sap, and may render it more or less susceptible to fungal 
attack, as with the effect of excess nitrogen discussed above. 
One striking example of the control of a parasite through 
altering the nutrients available is that of Armillaria mellea^ 
causing a root rot of certain plantation crops such as tea and 
rubber. In clearing the jungle for the planting of these crops 
the old trees are usually cut down, but it is too expensive to 
remove the stumps before planting the clearing. These 
dead stumps are then a source of saprophytic nourishment 
for A, mellea^ which*spreads from them to the roots of the 
newly planted crop plants. If, however, the jungle trees are 
ringed (i.e. a ring of tissue reaching the wood is cut out so 
that the phloem is removed) some time before felling, the 
interference with the translocation of organic materials 
through the phloem leads to a depletion of these in the 
roots which become devoid of starch. Armillaria is then 
unable to become established in the old stumps in com¬ 
petition with other relatively harmless and less-exacting 
fungi and the young crop is saved from attack {424, 4^5)- 

G. Gall Formation, Hypertrophy and Dwarfing of 
THE Host 

Many parasitic fungi cause dwarfing or hypertrophy of 
the host. Galls, curling of leaves or the development of 
witches’ brooms are frequent manifestations of disease. 
The shape of an inflorescence may be altered as by the 
grain smuts. Stamens may be induced to develop in female 
flowers of dioecious campions by the anther smut (Ustilago 
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violacea). It is clear that the formation of these abnormal!, 
ties is induced by the fungal invader. Little is known, how¬ 
ever, of the mechanism by which the form of the host plant 
is altered. 'It is known that many fungi synthesise hetero¬ 
auxin (jS-indolyl acetic acid) in culture, but it is not known 
whether they also produce it in the host tissues. This, or 
some other growth-substance, synthesised ^ by the parasite 
might cause the deformation of the host. Detailed work 
with the tumours of crown gall caused by Bacterium 
tumefaciens indicates that heteroauxin and other growth- 
substances produced by the bacterium Me capable of pro¬ 
ducing galls similar to those formed in^ response to the 
presence of the parasite (90, 443, 459). Similarly, the root 
nodules of the Leguminosae which are formed in response 
to the presence of the nitrogen-fixing bacterium Rhizob- 
ium leguminosarum contain growth-substances which 
may have been synthesised by the bacterium (59* 5 ^ 7 > 75 ®» 
759). Galls similar to those of club-root may be produced 
on the roots of cabbage seedlings by the application of pure 
heteroauxin in lanoline paste. Extracts of the club-root galls 

produce a similar response.^ 

The parasite may also be supposed to interfere with the 

normal synthesis and transport of auxins in the host, and 
so cause dwarfing, suppress flower formation, or produce 
specific effects such as the prevention of the formation of 
an abscission layer by leaves of cherry infected with 
Gnomonia erythrostroma. Certain dwarfed plants infected 
with a virus disease have been shown to have an abnormally 
low auxin content. Similar investigations of dwarfing due to 
fungal attack would be of interest. There exists a wide field 
for research into the effect of fungal parasites on the normal 
co-ordination mechanism of the host. 

2—MYCORRHIZAE 

So far in this chapter we have considered only the harm¬ 
ful effects of parasitic fungi on higher plants. Even among 
these parasites the degree of damage to the host differs 
considerably and the state of equilibrium between host and 

^ UnpubliBhed ezporimenta By tBo aathor. 
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parasite, reached in the early stages of infection by rust 
fungi, has actually been described as a form of symbiosis. 
The effects of fungi on higher plants are not always harmful 
and may even be beneficial. Soil-inhabiting saprophytic 
fungi play an important part in the breaking-down of plant 
and animal remains, particularly in acid soils unfavourable 
to bacteria, and thus, by releasing nutrient substances, in¬ 
crease soil fertility. The relationship between fungus and 
green plant, however, is often of a much more intimate 
nature. Many plants are habitually systemically infected 
with fungal hyphae, that is, the hyphae are present through¬ 
out the plant. Such mycotrophic plants may be unable 
to grow well in the absence of the fungus. More usually 
the infection is confined to the roots. The fungal hyphae 
may actually be inside the cortical cells, or may be chiefly 
external, forming a felt or "'mantle” enclosing the root. 
The nature of this fungal mantle was first recognised by 
Fries (265) for roots of Monotropa. Later Frank (260), 
during an investigation into the cause of the occurrence of 
truffles in the neighbourhood of certain trees, introduced 
the term mycorrhiza to denote the complex of root and 
fungus. This term is also used for the association of fungal 
hyphae with other parts of the plant. Frank pointed out the 
existence of two types of mycorrhiza, those in which the 
fungus occurs chiefly outside the root and those with 
internal hyphae which he termed ectotrophic and endo- 
trophic mycorrhizae respectively. Mycorrhizae are of 
frequent occurrence, and are a normal feature of many 
plants of widely different systematic position. A brief 
consideration of the morphology of these associations be¬ 
tween mycotrophic plants and their fungal partners is a 
necessary preliminary to a consideration of their possible 
physiological nature. 

A. Ectotrophic Mycorrhizae 

The roots of both deciduous and coniferous forest trees 
almost invariably form mycorrhizae (622). Young lateral 
roots are infected by way of the root hairs or piliferous 
layer, and the fungus at first actually penetrates the cortical 
cells (500, 501). The mycelium inside the cells soon dis- 
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integrates, leaving a network of hyphae in the intercellute 
spaces (the Hartig net) from which hyphae grow out be- 
tSeen the epidermal cells and form a dense mantle 
surrounding the rootlet (Fig. 36 , a, b c, d). The cortical 
cells are usually enlarged con^ared with those of an 
uninfected root of similar age. Those of the outer layers 
contain tannin. Infected roots may be brightly coloured, 
and are usually shorter and thicker than umnfected ones, 
and may be more crowded and branch more frequently to 
form coralloid masses as in the pine (Fi^ 36 , a). They are 
devoid of root hairs, the function of which must n^cessardy 
be assumed by the hyphae. The sigmficance of this will be 



considered later. • t> • j* * 

The fact that fruit-bodies of certain Basidiomycetes 
tend to be formed near trees of a particular species or group 
of species has long been known. The mycehum of some of 
these fungi is responsible for the formation of mycorrhizae. 
Actual organic connection between fruit-body and my- 
corrhiza has been demonstrated in some examples, and the 
formation of the typical association has been brought about 
when tree seedlings have been grown iri culture with the 
appropriate fungus. By such methods it has been estab¬ 
lished that many species of agarics, of Boletus, of sub¬ 
terranean Basidiomycetes such as Rhizopogon sp., and oi 
subterranean Ascomycetes such as Tuber magnatum, and 
other truffles, form ectotrophic mycorrhizae in associa¬ 
tion with trees (501, 523. 582, 663). A particular fungus is 
usually associated only with a few species of tree, and con¬ 
versely a particular tree is associated with a limited number 

of species of fungus. 


B. Endotrophic Mycorrhizae 

The best-known examples of endotrophic mycorAme 
are to be found among the Orchidaceae (606) and Erica¬ 
ceae. The roots of many orchids contain masses of fungal 
mycelium in the cortical cells (Fig. 36 , e). Usu^y these 
are confined to the outer layers of the cortex. The innCT 
layers of the cortex consist of so-called "digestwe cells, in 
which the mycelium is apparently digested by the host 
cells. Occasionally there may also be an outer layer 01 
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Fig. 36.—Mycorrhizae. 

(a) Root of Scots pice, Pinus sylvestris^ showing typical coralloid myconbizae 
(x 2). (6) Root of beech, Fagus sylvaticae. Mycorrhi^e typically more elongated 
than those of pine (x 2). (c) T.S. mycorrhiza of pine (x SO). (<f) Part of same 
enlarged, showing mantle of fungal hyphae (Nf), hyphae in intercellular spaces 
of cortex (H) and tannin cells (T) in outer cortex (x 200). (e) Cells from outer 
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digestive cells, as in Neottia (484), or all the cells may be 
digestive, as in Listera. The rhizomes of some orchids may 
also be infected. In contrast to the ectotrophic mycorrhiza, 
such internal hyphae have little or no direct contact with 

the surrounding soil. 

The seeds of orchids are invariably very small and conse- 
quently poor in reserve foods, and the embryo is often not 
clearly differentiated into root, stem and cotyledon. They 
will not germinate in sterilised soil or water, but will do so 
in the presence of the fungal partner ( 37 » m)- Some will 
also germinate in sugar solutions in the absence of the 
fungus, but the rate of growth is accelerated if the fungus 

is present (212, 4 °°’ 4 ot)- 

Fungi forming mycorrhizae with orchids are usually 
species of RhizoctoTiia or closely resemble this fungus 
{176). A peculiar example of mycotrophy is that of a 
Japanese orchid, Qastrodia elata ( 4 t 4 )- This has no 
chlorophyll, and consists merely of an underground tuber 
which is rootless and devoid of green shoots or leaves. 
Flowering takes place only when this -tuber is invaded 
the honey agaric ArmillaricL ttigIIcci. This fungus is a 
serious parasite of the roots of many plants, but the invasion 
of the tuber of Gastrodia is by some means checked by the 
host. No doubt the fungus obtains some nourishment from 
the reserve foods of the tuber, but in doing so it reacts on 
the remainder, so that the plant is able to utilise them in the 
production of a flowering shoot which never forms in the 
absence of the fungus. Similar associations occur between 

other orchids and species of Marasmius (623). 

Many members of the heath family, Ericaceae, are 
mycotrophic. The hyphae here extend throughout the plant 
a.nd are not confined to the roots. In, the orchid mycorrhizae 
very few hyphae grow out to the surface of the rootSj hut the 
partnership between fungus and heath may be inter¬ 
mediate between endo- and ectotrophic mycorrhizae, since 


cortex of an orchid {Goodyera repens) in T S.. 

mycorrhiM (x 300 ). Note coiled hyphae (H) m cells of host. (/) Part of a Iom- 
ludinal section of cortex of root of El^agntu sp., 

typo of mycorrhiza. From an intorceUnlw hyp^ S 

axbuBCules (A) penetrate and develop m the host cells. mdt-waUed vesicles or 

sporangioles (V) are typical of this type of mycorrfaia (X SOOj. 
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a network or mantle of hyphae develops on the surface of 
the roots. The best-known example is that of tlie common 
ling, Calluna vulgaris, which has been investigated by 
Rayner (616-620). The young lateral roots of the ling de¬ 
velop in spring, and as the season advances most of the 
cortical cells become filled with a mass of branched myce¬ 
lium. The presence of hyphae in the shoot has also been 
demonstrated, but these are finer and are largely confined to 
the middle lamellae of the cell walls. Normal hy[)hae occur 
in the air spaces in the leaves and are continuous with the 
finer hyphae in the walls. Occasionally penetration of the 
mesophyll cells occurs. The fungus has been isolated and 
found to be a species of Phoma {P. radicis-callunae). 
Germination of seeds of Calluna is retarded in the absence 
of the fungus (620), and seedlings in sterile cultures usually 
remain stunted, although they may be induced to develop 
in certain culture solutions (402).Under natural conditions 
infection readily takes place, since the fungus is present 
on the seed coat. Seeds of Calluna, like those of the orchids, 
are very minute, and contain little reserve food material. 
Other members of the Ericaceae, such as Vaccinium spp., 
are normally mycotrophic (i, 2, 151, 621), while others, 
such as Rhododendron spp., are not always infected (294). 

Endotrophic mycorrhizal associations also commonly 
occur with members of the Epacridaceae (482), Gentian- 
aceae and Burmanniaceae (608), and the gametophytes 
of certain Pteridophytes, including Psilotum, Tmesipteris 
and Lycopodium spp. (608). 

The roots of many flowering plants contain fungal hyphae 
which do not aggregate into ball-like masses in the cells as 
with the endophyte of orchid roots, but which form fine 
branches resembling haustoria and termed arbuscules 
(Fig. 36 , /) and swollen terminal or intercalary cells or 
vesicles which resemble the sporangia of the Phycemycetes 
(123). 

The curious endophytic fungus which is so often found 
in the growing points of the aerial parts of the rye grass 
{Lolium perenne) does not noticeably damage the host. It 
resembles the grain smuts in its location in the growing 
point and may be a reduced parasite (661). 
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c. Conditions under which Mycorrhizae Develop 

Soil conditions determine which fungus will form 
mycorrhizae with a particular plant and also influence the 
frequency of the formation of mycorrhizae. In general, 
mycorrhizae are most frequent in poor, infertile soils. 
Most Swedish forest soils contain raw humus, and nearly 
all the short roots of coniferous trees are converted to 
mycorrhizae, but in the south, where the so-called mull 
soils are relatively fertile with adequate supplies of nitrates 
and ammonium salts, fewer mycorrhizae are formed ( 499 )- 
Under conditions of moderately low availability of nitrogen, 
phosphorus or calcium, pine mycorrhizae form abundantly, 
but at still lower levels formation is impeded (^). Drainage 
also influences the development of mycorrhizae, since in 
poorly drained soils poor aeration prevents the growth of 
the fungal partner. In the main part of certain Swedish 
bogs growth of trees is in proportion to the amount of 
mycorrhizae developed, but along the drainage canals, 
where more nitrates are available, seedlings grow in the 
absence of mycorrhizae (499). In some poor soils a specific 
factor other than insufficient aeration may inhibit the 
growth of the fungal partner. Thus, on parts of Wareham 
Heath in Dorset the failure of pine seedlings to develop 
mycorrhizae has been attributed to the antagonistic action 
of certain other fungi on the mycorrhizal one (625). 
Modification of the soil conditions to favour the mycorrhizal 
fungus resulted in the formation of numerous mycorrhizae 
and the more vigorous growth of the pine seedlings. 


D* The Physiological Significance of Mycorrhizae 

The problem of the nature of the mycorrhizal relation¬ 
ship has attracted attention since the presence of the fungal 
partner was first demonstrated. It is usually considered to 
be an example of symbiosis, in which the activities of either 
partner benefit the other. The higher plant obviously 
benefits from the presence of the fungus in most of the 
examples which have been investigated. Seeds of many 
orchids either fail to germinate or produce abnormu 
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seedlings in the absence of the mycorrhizal fungus. 
Experiments with young conifer seedlings on Wareham 
Heath (viii k) showed that these grow poorly or ic 
when planted in the untreated heath soil, but that when 
conditions are made suitable for the growth of the my¬ 
corrhizal fungi, by the addition of organic composts to 
the seed-beds, mycorrhizae form freely and the seedlings 
grow normally (625). While not absolutely conclusive, the 
evidence from these experiments is strongly in support ot 
the view that the failure of the conifer seedlings to grow 
successfully in the untreated soil is due to the unsuitability 
of the latter for the growth of the fungal partner and the 

consequent absence of mycorrhizae. 

Several theories have been advanced to account tor the 
beneficial effect of the mycorrhizal fungi on the host plants. 
None of these is entirely satisfactory, and the evidence 
available is insufficient to give a clear picture of the nature 
of the relationship between fungus and host. It is probable 
that the actual benefit obtained by the higher plant is a 
combination of a number of factors, such as the possible 
ability of the fungus to fix atmospheric nitrogen (see 
Chapter Three, p. 61 ), the breaking down of the organic 
nitrogenous compounds present in humus into a form 
available to the plant (499. 5 °^). the efficiency of the myce¬ 
lial mantle in the absorption of mineral salts (715), which is 
correlated with the increased absorbing area of the infected, 
compared with uninfected roots ( 334 )> the probable syn¬ 
thesis of growth-substances or other organic compounds 
by the fungus or by the inactivation of plant-retarding 
substances in the soil (264). Evidence of the nature of the 
benefits obtained by the fungal partner is also scanty, but 
it is probable that the main benefit is the supply by the 
host of carbohydrates in a suitable form or of certain 
growth-substances. It is significant that many of the 
mycorrhizal fungi which have been isolated and grown m 
culture require an external supply of thiamin or of other 

growth-substances (303-507). . , . . r 

Some observers claim that the relationship is not one or 

symbiosis, but of controlled parasitism, and that the 

balance is so delicate that, if it is upset, either partner may 
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succumb. Roots of trees invaded by a mycorrhizal fungus 
may die earlier than uninfected ones (492). The disappear¬ 
ance of starch from the root cells has been observed in a 
number of examples (115), and changes in the appearance 

and staining reactions of nuclei occur in invaded cells re¬ 
sembling those of the nuclei of rust-infected cells (see p. 
249 ). The host plant may show actual resistance to invasion 
by the hyphae. As already stated, in the early stages of 
the formation of ectrophic mycorrhizae the cortical cells 
are entered, but the hyphae are rapidly destroyed and 
remain only in the intercellular spaces. Later, the outer 
cells of the cortex contain an abnormal amount of tannin, 
which is usually supposed to be a factor in resistance to 
fungal attack. Orchid roots containing fungal hyphae 
commonly show a zone of cells with obviously healthy 
mycelium, and another zone in which the hyphae stain with 
difficulty and appear to be disintegrating. Plasmolysis 
experiments indicate that these hyphae are actually dead 
or dying, while cell sap removed from such cells by a micro 
pipette brings about the collapse of hyphae grown in 
culture (116). Evidence suggests the presence of an ab¬ 
normal quantity of proteolytic enzymes in these cells and 
the release of protein from the hyphae has been demon¬ 
strated (116). Whether this protein represents a net gain 
to the host plant or whether it is merely the return of pro¬ 
teins obtained by the hyphae from the host is unknown. 
This power of resistance to and digestion of endotrophic 
mycorrhizal fungi in citrus roots is increased by manuring 
(626), while roots of oats which are heavily infected in 
manganese-deficient soils are free from fung^ infection in 
normal soils (662). On the other hand, unfavourable soil 
conditions, such as drought, prevent the formation of 
mycorrhizae of the ling (619). 

The characteristic enlargement of the invaded cortical 
cells of orchids, such as Listera ovata and of cortical cells 
of tree roots, recalls the eflfect of many known fungal 
parasites of roots. 

The consensus of opinion is, however, in favour of the 
symbiotic nature of the mycorrhizal relationship. Such a 
symbiosis may, nevertheless, be due to a state of equilibrimn 
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attained through the successful control of an initially 
parasitic invasion. Further studies of the physiology of the 
fungal partner and of its effect on germination of seeds and 
subsequent seedling growth are obviously needed before a 
complete explanation of the'relationship is possible. 


B. INTERACTION tFITH ALGAE 

Many of the conditions favouring the growth of fungi 
also favour that of algae, so that it is inevitable that mem¬ 
bers of these Iw’o groups should influence each other. They 
may compete for food or water, or they may have a more 
direct effect on each other. Growth of one may be inhibited 
or stimulated by the metabolic products of the other, or 
algae may be parasitised by fungi. The lichens, which are 
composite structures consisting of an alga and a fungus, 
are of particular interest, and are the earliest known 
examples of symbiosis between two unrelated organisms. 

i_fungi parasitic or epiphytic on algae 

Many Phycomycetous fungi grow on or in freshwater 
algae or seaweeds. Chytrids are the commonest forms 
among these, but members of the Lagenidiales and the 
simpler forms among the Plasmodiophorales are also 
found. Some are probably saprophytes or weak parasites, 
and develop only on dead or semi-moribund cells, but 
others are vigorous parasites which attack living algal cells 
and ultimately cause their death. No exact data have been 
obtained relating to the mechanism of the penetration and 
destruction of the host cells. Some of the parasites are 
known to decompose cellulose. Host cells respond to some 
of these parasites by an intensification of protoplasmic 
streaming (169), by abnormal development (75) or by 
thickening of the cell wall (75, 179, 180). Colour changes 
in the host cell have also been noted (127, 667, 712). The 
interpretation of these responses is difficult and further 
work is desirable. 

Epidemics of chytridiaceous parasites limit the develop¬ 
ment of certain plankton algae in Lake Windermere (127a). 
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. 2 —LICHENS 

(j'he lichens (viii m) are terrestrial plants of simple or¬ 
ganisation, but are remarkable in that they consist of two 
organisms, an alga and a fungus living together. In the 
simpler forms the alga predominates, and is usually a 
filamentous blue-green form. More often the fungal partner 
completely surrounds the algal one, which is most com¬ 
monly one of the unicellular green or blue-green species. 
The alga is then usually limited to a definite layer, pro¬ 
tected by fungal hyphae, but near enough to the surface to 
enable the green cells or gonidia to carry on photosynthesis. 

A. Aeration 

Aeration of the forms in which the fungal constituent is 
poorly developed presents no difficulties and no special 
mechanisms to ensure aeration are produced. Where the 
cortical layer of hyphae is well developed, the essential 
supply of oxygen to and the elimination of carbon dioxide 
from the gonidial layer necessitates special provision. In 
many crustaceous forms aeration is achieved through cracks 
or "aereolae” developing in the thallus as a result of stresses 
set up by growth in size. In some squamulose or foliose 
forms special aerating structures are formed. In the family 
Stictaceae and a few other lichens, cup-shaped depressions, 
known as cyphellae, are produced. These are about half a 
millimetre in width and are scattered over the lower surface 
of the thallus. There is thus direct communication with the 
outer air through the exposed area of the loosely woven 
medulla to the gonidial layer. Definite breathing pores 
are formed on the upper surface of certain lichens, e.g. 
Parmelia spp. These are minute papillae, the apices of 
which are not covered by the cortex, so that portions of the 
gonidial zone are exposed to the air. Species of Loharia 
show patches on the under surface where the cortex is 
absent and the medulla exposed. 

B. Nutrition 

^chens are extremely slow-growing plants, and thus 
their nutritional requirements are correspondingly low. 
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They are capable of withstanding very dry conditions, and 
are found in exposed situations where other plants would 
be unable to grow. The water content of the thallus is 
normally low, but the latter is able to absorb many times 
its own weight of water when exposed to damp conditions. 
Lichens have no special absorbing or conducting organs 
(the rhizoids formed by some species are organs of attach¬ 
ment only), but are able to absorb water all over the sur¬ 
face, thus resembling free-living fungi. Water may be 
stored in the gelatinous thickenings of the fungal walls. 
Such thickenings are better developed in individuals grown 
under dry conditions than in those grown in a continuously 
moist atmosphere (67). The latter are less well able to 
recover after desiccation. 

Inorganic food materials are taken in in solution, and 
are obtained from the dust of the atmosphere, from salt 
spray (by marine forms) and to a certain extent from the 
substrate. Crustaceous forms growing on rocks produce 
acids. These act on the rocks and thus the lichen obtains 
mineral salts. This property is an important one, since it 
permits the lichens to grow as pioneers on bare rock and 
leads eventually to the formation of sufficient soil to 
permit the growth of other plants. 

Lichens obtain their organic food mainly through the 
photosynthetic activities of the algal constituent. It is 
possible that the fungus partner is able to obtain some 
organic nutrients through breaking down the complex 
compounds in the substrate in the same way as do normal 
saprophytic fungi. 

c. Nature of the Association Between Fungus and 
Alga 

The chief evidence in favour of the symbiotic nature of 
the association is the long-continued healthy life of the two 
constituents. The gonidia remain green and undergo 
normal division within the lichen thallus. Dead algal cells 
have been observed in the thallus (228-231), but when 
the gonidia are set free they are apparently healthy and 
are able to resume an independent existence. Even in 
the free state death and wastage of the cells takes place. 
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In spring, when growth of lichens is most vigorous, the 
gonidia divide freely (579). Some observers (181, 228) 
claim to have seen haustoria penetrating the gonidia, but 
others have been unable to demonstrate these (67, 6c^). 
Culture experiments show that the algal constituents may 
be forms which require peptone, while the fungal partner is 
able to synthesise peptones from ammonium salts and 
sugar (17, 40, 149, 766). The fungus partner probably 
supplies nitrogen in a suitable form and obtains sugar 
synthesised by the alga. 


C. INTERACTION WITH OTHER FUNGI AND BACTERIA 

In their natural habitat fungi are in competition with 
others and with bacteria. Many fungi are parasitic on 
others. Bacteria may actually consume fungal hyphae, but 
more frequently the growth of one micro-organism 
inhibits that of another. This may be due to competition 
for the available food supplies or to the production by one 
organism of substances toxic to the other. In contrast one 
organism may stimulate growth or reproduction of 
another by the production of growth-substances which the 
second organism is unable to synthesise or by decomposing 
complex substances which the other is unable to attack. 

1 —FUNGI PARASITIC ON OTHERS 

Many fungi are parasitic on others. Little is known of the 
physiology of this relationship. 

The fruit-bodies of the agarics, including the cultivated 
mushrooms, are frequently attacked by other fungi. These 
include another agaric Nyctalis^ one British species of 
which, N, asterophoray chiefly attacks Risssula nigricansy 
while the other, N, parasitica, is commonly found on R, 
foeteasy R, adusta and Lactarius vellereus. The species 
of a pyrenomycetous fungus, HypomyceSy are also fre¬ 
quently found producing their perithecia on the gills of 
agarics or on the fruit-bodies of Polyporus spp. Certain 
moulds, such as Sporodinia grandis, and other members 
of the Mucorales and a number of Fungi Imperfecti may 
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also parasitise the fruit-bodies of the larger fungi. Many of 
these occur only on senescent specimens, but others are 
active parasites and attack the young sporophores. The 
parasitised fruit-bodies usually decay rapidly, presumably 
owing to the production of enzymes by the parasite. 
Occasionally considerable malformation follows attack, as 
with Cephalosporium lamellaecola, which infects the gills 
of the cultivated mushroom and may cause them to become 
fasciated (700), The more serious parasite of the same host, 
Mycogone perniciosa, may cause young fruit-bodies to 
become "sclerodermoid” and unrecognisable, or may 
induce a reduction in size of pileus and gills and an enlarge¬ 
ment of the stipe, or with later attack may merely cover the 
fruit-bodies with a downy mass of mycelium and cause 
their early decomposition (700). Such an influence on 
the actual shape of the host indicates either the produc¬ 
tion by the parasite of specific growth-substances which 
stimulate the host to abnormal development, or an inter¬ 
ference with the normal regulation of growth of the latter. 

The fruit-bodies of species of Scleroderma infected with 
Boletus parasiticus or of the ascomycetous Elaphomyces 
granulatus and muricatus parasitised by Cordyceps 
capitata and C. ophioglossoides respectively do not show 
hypertrophy or rotting, but the internal parts of the host 
are consumed by the parasite and replaced by the dense 
mycelium of the latter. 

The sori of the rusts are often infected with Darluca 
Jilum^ which is chiefly found in association with the uredo- 
or teleutosori. Tuberculina sp. attacks the aecidia. Spore 
production by the host may be inhibited. 

A number of the lower fungi are parasitic on others. 
Members of the Saprolegniaceae are often parasitised by 
species of Olpidiopsisj which cause marked hypertrophy 
of the filaments of the host. The diameter of the hypha is 
considerably increased, apical growth ceases and the in¬ 
fected area may become a definite gall. Again, such inter¬ 
ference with the normal growth of the host is presumably 
due to chemical action by the parasite. Chytrids are fre¬ 
quently parasitic on water moulds or on members of the 
Blastocladiales. They do not usually cause conspicuous 
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malformation of the host. Reproductive bodies of the 
parasite may replace those of the host, as with Rozella 
allomyces, which forms its resting spores or zoospores in 
the zoosporangia of Allomyces spp. ( 259 ). Occasionally a 

parasitic chytrid is itself attacked by another (hyper- 
parasitism). 

Some members of the Mucorales are parasitic on others 
and have been rather more fully investigated. Chaeto- 
cladium brefeldi is parasitic on species of Mucor and 
commonly develops in crude dung cultures. The mycelium 
of the parasite exerts a chemotropic attraction on the 
hyphae of the host, which bend towards it and are stimu¬ 
lated to branch freely. When the Mucor hypha comes into 
contact with the tip of a hypha of Chaetocladium, three to 
eight nuclei collect in the latter. The tip is then cut off by a 
septum to give a "cupping cell” (Fig. 37, a-e). The wall 
between the latter and the Mucor hypha dissolves, and 
a portion of the protoplasm of the host, together with 
nuclei, passes into the cupping cell. The Mucor hypha then 
develops to form a branched cauliflower-like gall, which 
contains oil and other reserve foods that are exhausted by 
the parasite during the production of its conidia. The gall 
may reach a diameter of 0-5 mm. Parasitella simplex, 
which attacks Absidia glauca, does not cause such a pro¬ 
nounced hypertrophy of the host hypha, although again 
protoplasm and nuclei of both host and parasite inter¬ 
mingle in the cupping cell which puts out short branches 
(Fig. 37, f-j). The hypha of the parasite swells up behind 
the cupping cell, and is cut oflF by a septum to give a 
storage cell which becomes full of oil drops and is again 
depleted during spore formation. Both host and parasite 
are heterothallic. The + strain of the latter only attacks 
the strain of the former and the — strain of the parasite 
occurs only on the + strain of the host. BurgefiF(ii 2 ) con- 
siders this type of parasitism to be an attempt at conjuga- 
rton. The striking effects on the hosts of both Chaetocla¬ 
dium and Parasitella indicate the production by the para¬ 
sites of growth-regulating substances, which induce the 
formation of complex galls. Piptocephalis spp., which are 
also parasitic on other members of the Mucordes, do not 
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Fic. 37. —Galls and Haustoria op Species op Mucorales. 

(a-e) Stages in development of gall of Chaetocladium brefeldi on Mucor sp. 
Nuclei of host and parasite intermingle in gall (after Burgeff). (/-/) Stages in develop¬ 
ment of Parasitella simplex on Absidia glauca^ showing less elaborate gall (^ter 
Burgeff). {k) Swollen haustoria with Elamentous branches produced by Piptocepnalis 
Freseniana in hyphae of Mucor mucedo (after Brefeld). 


cause pronounced gall formation, but put finely branched 
haustoria into the hyphae of the host ( 76 ) in a manner 
reminiscent of obligate parasites of higher plants (Fig. 

37, k). 
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2—ANTAGONISM BETWEEN MICRO-ORGANISMS: 

PRODUCTION OF ANTIBIOTICS 

The inhibition of the growth of a particular micro¬ 
organism by the presence of another is known as antagon¬ 
ism. This antagonism may be mutual, or it may be exercised 
by only one of a pair of organisms. It may occur between 
unrelated organisms or even between strains of the same 
species ( 143 ). While antagonistic effects have long been 
noted, particularly in petri dish cultures, it is only of recent 
years that antagonistic organisms have been successfully 
used to control disease. 

When two organisms of different species are grown on 
a plate of agar medium, one of several things will happen. 
Both may grow at a normal rate and produce circular 
colonies until the edges meet, when owing to competition 
for space and nutrients, growth ceases along the line of 
contact, although it may continue in other directions. 
Occasionally one organism may grow on and overrun the 
other. Frequently the edges of the two colonies do not 
meet, but cease growth while they are still separated by a 
zone of clear medium. In extreme examples growth of one 
of the organisms may be entirely inhibited. The fact that a 
particular organism inhibits the growth of another does not 
mean that it is antagonistic to all other micro-organisms. 
There is often a high degree of specificity in the antagon¬ 
istic effect, which may be limited to a few organisms and 
may not occur with other closely related ones. Plate V, 
Fig. 6, shows-antagonistic effects between various organisms 
in petri dish cultures. 

Part of this inhibitory effect on growth is no doubt due 
to competition for food, and it is well known that one 
organism may alter the acidity of the medium in such a 
way that it becomes unsuitable for the growth of certain 
others. Most antagonistic effects, however, are due to the 
production of specific metabolic products which are toxic 
to certain other organisms. Such inhibitory substances are 
known as antibiotics. Many experiments have shown that 
the filtered medium in which an antagonistic organism has 
grown is also inhibitory to the grow^ of some others (for 
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example, filtrate from cultures of Trichoderma lignorum is 
toxic to Rhizoctonia solani (800)), but some antibiotics are 
unstable, so that the filtrate soon loses its activity. 

A. Fungi Antagonistic to Bacteria and their Im¬ 
portance IN THE Control of Certain Bacterial 
Diseases 

It was known as long ago as 1897 that some sjiecies of 
Penicillium inhibited the growth of certain bacteria (218). 
Fleming (255) later observed that a colony of P, notatum 
growing on a plate of Staphylococcus was surrounded by 
a clear zone of medium where the bacteria had been de¬ 
stroyed. This fungus is active against a number of bacteria, 
including the gram-positive cocci, staphylococci, strepto¬ 
cocci, the diphtheria organism and the gonococci and 
meningococci, but has no effect on some others, including 
Bacillus coli and the bacteria causing tuberculosis. The 
filtered culture solution on which P. notatum has been 
growing is also active. From this a definite substance was 
isolated and has been termed penicillin. Owing to the great 
value of this substance in the treatment of various diseases, 
due not only to its bacteriostatic and bacteriocidal pro¬ 
perties, but to its comparative harmlessness to animal 
tissues, a great deal of work has been done on its chemical 
structure and on methods of cultivating the fungus to give 
a maximum yield. The former is beyond the scope of this 
book, and details may be found in recent reviews (158, 
Viii o). Penicillin is produced in a glucose-nitrate medium 
supplemented with corn-steep liquor or some other source 
of growth-substances and probably of other complex 
organic substances. Good aeration is essential for penicillin 
production, and the optimum />H is around the neutral 
point. Various strains of P. notatum and of the related P. 
chrysogenum have been found to produce penicillin, and 
the yield on a commercial scale has been greatly improved 
by the use of the most suitable strains. Some species of 
Aspergillus produce penicillin or flavicin, which is prob¬ 
ably identical with it (117, 160, 257, 479, 480, 585, 779). 

Other species of Penicillium produce other antibiotic 
substances, such as citrinin (605), penicillic acid (9) and 
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claviformin (patulin or clavacin) (36, 145, 778, 780). 
Many species of Aspergillus also produce these or other 
antibiotics. The Aspergillus flavus-oryzae group produces 
aspergillic acid (385, 804) in addition to flavicin (779), 
while Aspergillus fumigatus produces at least four distinct 
substances with antibiotic activity, spinulosin (571), fumi- 
gatin {571), fumigacin (510, 783) and gliotoxin (z88, 310), 
and the A, clavatus group produces clavacin (783). These 
two genera, Penicillium and Aspergillus^ contain most 
of the species of fungi known to produce antibiotic sub¬ 
stances, and a large proportion of the species are active 
against various bacteria. Many other fungi have been tested 
for antibacterial activity, and a few, including species of 
Trichoderma and Gliocladium (799, 800), some Ascomy- 
cetes, including species of Chaetomium (783) and a few 
Basidiomycetes (645), have been shown to be active. 
Phycomycetes, with the exception of Phytophthora erythro- 
septica^ are almost devoid of such activity. Actinomycetes 
include a number of species active against bacteria, 
including Streptomyces griseuSj which produces strepto¬ 
mycin (383, 665). 

At present only penicillin and streptomycin are pro¬ 
duced on a large scale. The other known antibiotics include 
some of potential use, but the majority of them are toxic to 
animal tissues or have some other disadvantage, such as 
difficulty of production or purification. 

B. Organisms Antagonistic to Fungi and their Use 
IN THE Control of Plant Diseases 

While fungi produce a variety of substances antagonistic 
to bacteria, they are themselves inhibited by the metabolic 
products of other fungi and of some bacteria and actino- 
mycetes. It has already been shown (pp. 62 - 5 ) that growth 
of a fungus may be checked by the accumulation of its own 
metabolic staling products, and that fungi differ both in 
their sensitivity to these and in the rapidity with which 
such products accumulate. The known examples of inhibi¬ 
tion of fungi by other fungi or bacteria or their metabolic 
products are too numerous to list here (viii o). 

Many attempts have been made to apply the knowledge 
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of antagonism to the control of diseases of plants caused by 
fungi. Microbiological control of a few of these is now the 
normal practice, although the method is the indirect one 
of modifying the environment to encourage the activity of 
antagonisers already present rather than the direct intro¬ 
duction of such organisms. 

Potato scab, due to Actinomyces scabies and related 
species, is controlled by green manuring, which encourages 
the growth of A. praecox and other saprophytic species 
that are antagonistic to A, scabies (515, 516, 659). Green 
manuring also encourages the disappearance of the take-all 
fungus (Ophiobolus graminis) from the soil through the 
antagonistic activities of the greatly increased saprophytic 
micro-flora. Similar treatment reduces the amount of this 
disease in a wheat crop, owing to the inhibitory effect on the 
fungus of the increased amount of carbon dioxide (see 
Chapter Six, p. 202 ) in the soil from the respiration of the 
enlarged population of soil micro-organisms (282, 416, 
660). Other diseases which have been controlled by 
modifications of soil conditions favouring soil micro¬ 
organisms antagonistic to the pathogens are cotton root- 
rot (224, 394, 519) and certain strawberry root-rots (356). 
It is well known that if sterilised soil becomes recontami¬ 
nated with certain pathogens, such as the damping-off 
fungi, the disease is more severe than in unsterilised soil, 
where the pathogens are checked by the antagonism of 
the rest of the soil micro-flora (vi a). It is claimed that 
seeds of flax and other crop plants may be protected against 
seed-borne diseases by the process of "bacterisation,” in 
which they are coated with antagonistic bacteria (541, 563). 

3—STIMULATION OF ONE MICRO-ORGANISM BY 

ANOTHER 

Numerous examples of the stimulatory effect of one 
organism on another have been recorded. Many fungi 
show improved mycebal growth and greater intensity of 
sporulation in the presence of others or of certain bacteria. 
Sometimes this is due to the breaking down of complex 
carbohydrates or other organic foods by the second organ¬ 
ism and the utilisation of the products of hydrolysis by the 
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Fic. 1.— Melanospora destruens on glucose-salts medium plus 
thiamin (4 y per 100 c.c. medium). Ten days after inoculation, 
niuminated from rear to show limits of colony (m.c.) and irregular 
CTowth. The dark objects are knots of hyphae. No perithecia 
formed. 

Fig. 2.— M, destruens on glucose-salts medium plus biotin 
(4 y per 100 c.c. medium). Ten days old. Mycelium has formed thin 
layer over plate but has not produced perithecia. 

Fig. 3. — M. destruens on glucose-salts medium plus thiamin and 
biotin. Ten days old. Numerous perithecia (seen as black dots). 

Fig. 4.—Plate of glucose-salts medium inoculated with M. 
destruens (lower colon^ and Sclerotinia trifoliorum (upper colony). 
Twelve days after inoculation. Note zone of perithecia of former 
surrounding colony of latter. 

Fig. 5.—^Ten-day-old culture of M. destruens on a plate of glucose- 
salts medium, a segment of which has been replaced by the ether- 
insoluble fraction of a medium on which Penicillium sp. has been 
grown and which has been resterilised and solidified with agar. Note 
intense production of perithecia along margin of "staled” segment. 

Fig. 6. —Antagonistic efiect of an unidentified soil bacterium (small 
white colonies) on Rkizoctonia solani. Note clear zone between 
bacterial and fungal colonies across which the hyphae are unable to 
grow. 
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first. Thus, Melanospora destruens^ which is unable to use 
inulin, will grow well on a medium containing no other 
source of carbon in mixed culture with some other fungus 
or bacterium capable of synthesising inulase, which breaks 
down inulin to fructose. Similarly, although this fungus 
grows fairly well and produces numerous perithecia on a 
sucrose medium, it grows more luxuriantly on such a 
medium in the presence of fungi with greater powers of 
inversion (344). The cellulose-decomposing fungi and 
bacteria stimulate the growth of many others which are 
unable to hydrolyse cellulose. 

More often the stimulatory effect is due to the synthesis 
by one organism of a growth-substance needed by another 
which is itself unable to synthesise it. Thus, Ophiobolus 
graminis is unable to grow on a glucose-salts medium in 
pure culture, but does so in the presence of a particular 
bacterium, or other organism, able to synthesise thiamin 
and biotin (572, 807, 808). Growth and the production of 
perithecia of Melanospora destruens on a synthetic 
glucose-salts medium is similarly stimulated by the presence 
of any of a number of fungi and bacteria (18). Perithecia 
often develop in a ring surrounding the stimulating colony 
(Plate V, Fig. 4 ). Here again it has been shown that the 

stimulatory effect on growth and fruiting is due to the pro¬ 
duction of biotin and thiamin respectively (538). On media 
containing these substances the stimulatory effect, as 
would be expected, is absent or reduced. Melanospora 
pampeane (348) gives only a scanty white mycelium in pure 
culture, but grows well and produces numerous perithecia 
in mixed culture with Fusarium moniliforme, Apothecia 
of species of Ascobolus and Saccobolus depauperatus are 
more numerous in the neighbourhood of certain "intrude/* 
colonies than on other parts of the plate (18,^). 

Sometimes two fungi, grown in mixed culture, show a 
mutual stimulation through complementary powers of 
synthesis of growth-substances. Thus, neUker Nematospora 
gossypii nor Polyporus adustis is able to grow in a syn¬ 
thetic medium u^ess the latter is supplemented with cer¬ 
tain growth-substances. In mixed cvdture on the same 

1 Unpublished experiment by the author. 
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fxiedium both grow well. This is due to the synthesis of biotin 
and inositol by P. adustisy both of wliich are essential for 
growth of Nematosporay which is itself unable to synthesise 
either. PolyporuSy on the other hand, needs an external 
g^pply of thiamin, which is synthesised to a moderate 
extent by N. gossypii (404), Similarly, Rhodotorula rubra 
and Mucor RammannianuSy which lack tiie power to 
synthesise the thiazole and pyrimidine components of 
thiamin respectively, are able to grow in mixed culture on 
a synthetic medium unsuitable for growth of either alone 
(5 3 5 » 676, 677). Again, Melanospora destruensy which 
needs biotin for growth, is able to grow on a medium 
containing thiamin, but lacking biotin, in the presence 
of species of Phytophthora and PhycornyceSy which need 
thiamin but are able to synthesise biotin (338). Melano¬ 
spora is able to synthesise inositol, and thus in mixed 
culture with Nematospora on a synthetic medium con¬ 
taining no other growth-substance than biotin it provides 
enough inositol for the growth of the latter and derives 
enough thiamin from it for the production of a few 
perithecia (338). 

Stimulatory effects due to the synthesis of growth-sub- 
stances by the stimulating organism occur mainly on media 
devoid of such substances and do not show up on media 
with an adequate initial supply. 

Examples have already been given (pp. 165 - 8 ) of hetero- 
thallic strains of fungi which produce definite sex hor¬ 
mones that stimulate the opposite strain to form sex 
organs. It was pointed out that, with most heterothallic 
fungi, no specific sex hormones have been demonstrated, 
and that these may be produced but are of such an unstable 
nature that their presence cannot be detected in the 
absence of the living fungus. 


D. INTERACTION WITH ANIMALS 

1—RELATIONSHIPS BETWEEN FUNGI AND 

MICROSCOPIC ANIMALS 

Microscopic animals or their eggs, including protozoa, 
rotifers, nematodes, the smaller Crustacea, trematodes and 
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arachnids, are almost as frequent hosts of aquatic fungi, 
particularly chytrids, as are the algae. Again, little is known 
of the physiology of the majority of these parasites beyond 
what can be deduced from observations of the disintegra¬ 
tion of the contents of the host cells. 

The so-called predaceous filamentous fungi, however, 
trap their prey before killing and digesting it. These have 
been investigated in great detail, chiefly by Drechsler 
(viii d), 

A group of hyphomycetous fungi capture nematodes by 
various methods. The simplest forms possess no specially 
developed structures for this purpose, but produce an 
adhesive substance at the tips of the hyphae in response to 
contact with the eelworms. Small or enfeebled specimens 
are captured in this way, but large and active ones usually 
escape. The hyphae of some other species, such as Arthro* 
botrys oligospora (216, 834) and some species oi Dactyella 
(216) tend to bend back and form rings by anastomosis, 
which later develop into a compound network in which 
the eelworms become entangled (Fig. 38 , d, e,/). The rings 
then produce a local secretion of colourless, hyaline adhesive 
material. When the prey has become quiescent, a fine hypha 
penetrates the integument and swells up to form a globose 
structure which extends across the width of the body of the 
eelworm and puts out branched haustorial hyphae after the 
death of the latter. The protoplasmic contents of the eel- 
worm rapidly disintegrate and are withdrawn by the hyphae, 
Arthrobotrys dactyloides (Fig. 38 , a, 6, c) and some other 
species form stouter loops than those of A, oligospora 
(216). These consist of three cells and are attached to short 
two-celled branches. If an eelworm enters one of these 
rings the ring contracts rapidly by centripetal swelling of 
the three cells (Fig. 38 , c) and constricts the eelworm so 
severely that disablement is hastened. Penetration followed 
by the growth of absorptive hyphae extending lengthwise 
through the body of the eelworm, is similar to that of the 
other form with non-constricting rings. Opinions differ 
as to what is the nature of the stimulus causing con¬ 
striction (159, 170). The rings constrict on contact with a 
heated scalpel or warm water or when gently rubhcd with 
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Fic. 38.— Predaceous Fungi (after Drechsler). 

(a, 6) Hyphal loops of Arthrobotrys dactyloides. (c) Nematode entangled in two of 
these loops. Note swollen cells of loops from which hyphae have penetrated body of 
victim, {d) Germinating conidium of .^4. oligospora with germ-tube already producing 
a loop, (e) Network of loops produced by mycelium of A. oligospora. (/) Nematode 
entangled in such a network. Note swollen appressorium (A), where hypha is in 
contact with the nematode, from which hyphae have penetrated its body, (g) Hypha 
of Dactyella ellipsospora producing short two-celled branches, each terminating in a 
sticky knob-like cell. (A) Nematode attached to one of these knobs, from which a 
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a micro-needle. It is likely therefore that mechanical irrita¬ 
tion provides the stimulus. 

A number of species of Dactyella capture small or en¬ 
feebled nematodes by means of special short hyphal 
branches terminating in an adhesive knob (Fig. 38 , gy h). 
The stages of penetration after capture resemble those 
with the ring-forming species. Certain related fungi capture 
terricolous rhizopods by the production of adhesive 
material in response to contact with the animal. Others 
capture forms which normally feed on fungi. These 
rhizopods have small mouths which they apply to the tips 
of fungal hyphae. In response to this contact the preda¬ 
ceous forms expand rapidly to form a terminal swelling 
from which the rhizopod is unable to disengage itself. 
Assimilative hyphae then develop from this '^gag” and 
absorb the protoplasmic contents of the animal (ii3, 

viii d). 

A few water moulds are also known to be predaceous. 
One of these, Zoophagus insidianiy captures rhizopods by 
an adhesive mechanism (710). This fungus produces short 
branches which contain a reducing substance that becomes 
mucilaginous and adhesive when acted upon by a secretion, 
which may be digestive juice, from the animal. The latter 
is then held while penetration takes place. 

A family of zygomycetous fungi, the Zoopagaceae 
(214-217), contains numerous species which feed on 
amoebae. Small drops of yellow adhesive material may be 
seen on the hyphae of some species, and secretion of this 
increases locally after contact with an amoeba. The victim 
is penetrated by a fine hypha, which forms a branched 
haustorium (Fig. 38 ) through which the protoplasmic 
contents are withdrawn. Finally, both the amoeba and the 
haustorium are emptied of contents. One species, Ewy^ 

hynhA haa penetrated its body, (i) A conidium (C) of a Phycoxnycete, CoMonema 
dojiehosporumt vrhich haa become attached by its atickv secretion to the body of a 
soil rhta^od. The |;erm>tube has i^etrated into the boay and has produced a coiled 
thallus from which slender hypue have mwn out to bear more cftwidia. (A Three 

thalli (t) of Coehlonema odontosperma witnin the body of a soil rhiaopod. nyphae 
from these have grown out and have conjunted to form lygospores (2^. Asmtate 
h^ha of another Phycomycete, Eurancale ^oeciot/wro, with short, thick eou^o- 
phores which produce curved conidia on short sterigmata. (Q A giotqp of 
Conidia and conidiophores may help to entangle nematodes. (X 300.) 
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ancale sacciospora^ has curious incurved, pouched spores 
which may entangle or adhere to nematodes that are after¬ 
wards penetrated {Fig. 38 , ky /). Conidia of other species 
of this family, such as species of Cochlonema and Endo- 
cochluSy adhere to the victims by some mucilaginous 
secretion, and put out a fine germ-tube which penetrates 
the integument. This germ-tube develops to form a short, 
stout hypha or thallus. Several of these may develop in the 
same individual. Later, slender hyphae grow out through 
the integument and produce conidia. Later still, when the 
contents of the victim are almost entirely used up, hyphae 
are put out which conjugate to form zygospores (Fig. 38 , 

Attempts have been made to utilise these predaceous 
fungi in the control of eelworms parasitic on crop plants. 
Their natural habitat is decaying organic matter, and it 
might be supposed that they could be stimulated by the 
addition of such material to the soil. The addition of 
chopped pineapple plants to the soil of pineapple planta¬ 
tions in Hawaii resulted in a multiplication of saprophytic 
eelworms followed by an increase in the predaceous fungi 
and other natural enemies of the nematodes to such an 
extent that the motile parasitic forms were reduced in 
number (454, 45 5)- A significant decrease in the number 
of galls of Heterodera marioni per plant resulted. It has 
also been shown that the predaceous fungi may be intro¬ 
duced into particular soils without harmful effect on grass, 
clover and other turf plants (192), but this method has not 
been used in large-scale attempts to control eelworms. It 
has been suggested, however, that certain nematodes 
parasitic in the digestive tract of horses, cattle and sheep, 
which are taken in by the host while feeding, might be 
controlled in this way (191). Since the predaceous fungi 
have been demonstrated in a wide variety of soils and from 
many different regions, the methods of the Hawaiian ex¬ 
periment which aim at increasing the activity of predaceous 
fungi already present are likely to be more successful than 
the actual introduction of these organisms. 

It is possible that the presence of protozoa and other 
microscopic organisms may have an adverse effect on 
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certain soil fungi. It is well known that protozoa feed on 
bacteria, and that when present in large numbers in the soil 
they cause a fall in the bacterial population. There is less 
evidence to show that fungal hyphae are also consumed. 
Growth of Verticillium Dahlias in culture is repressed by 
the presence of Colpoda and other infusoria and the inci¬ 
dence of wilting of tomato plants due to this fungus is also 
reduced by the presence of Colpoda in the soil (83). 

2—FUNGI AND INSECTS 

A. Fungal Parasites of Insects 

Fungal parasites of insects have received particular 
attention in connection with their possible use as a means 
of biologic control of insect pests. Epidemics of these fungi 
do occur naturally when the insect hosts are overcrowded 
or when other conditions are unfavourable to them. Norm¬ 
ally, however, there is a balance between fungus and insect. 
The mere introduction of entomogenous fungi is of little 
use, since they are probably already present and will be¬ 
come epidemic automatically under suitable conditions. 
The problem of biologic controls is more "to create an 
epidemic at a time when such an epidemic would not occur 
naturally” (581). Nevertheless, some success has been ob¬ 
tained, notably in Florida, where citrus trees are sprayed 
with a suspension of spores of entomogenous species of 
Aschersonia and some other fungi in order to control 
white flies and scale insects. The number of scale insects 
infesting citrus trees is definitely increased when the trees 
are sprayed with Bordeaux mixture against fungal diseases 
of citrus, with the result that the entomogenous fungi which 
normally achieve some measure of control of the insect 
pest are also destroyed (357, 79^)* 

* Entomogenous fungi may be external parasites, such as 
the members of the I^boulbeniales, or they may penetrate 
the insect's body as with Empusa or Cordyceps, The habit 
of the Laboulbeniales has already been considered in 
Chapter Three in connection with their probable ability to 
hydrolyse chitin. Usually these minute forms are wholly 
extern^ and apparently cause little inconvenience to the 
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host. Soft-bodied insects, however, are often penetrated, 
and are invaded by extensive rhizoid-like processes de¬ 
veloping from the basal or foot cell. Others may penetrate 
the integument and derive nourishment by means of a 
haustorium. Some produce haustoria, which do not com¬ 
pletely penetrate the chitinous skin and which may actively 
decompose and use the chitin or may be merely organs of 
attachment. 

The large Pyrenomycetous genus Cordyceps consists 
almost entirely of entomogenous forms. These permeate 
the body, blocking the blood-stream and finally consuming 
all the soft internal parts of the insect. The skin remains 
more or less intact and becomes packed with closely inter¬ 
woven hyphae to form a '"mummy” or sclerotium. Asexual 
conidia may be formed during the summer, but the stalk¬ 
like stroma, bearing perithecia, does not usually develop 
until after a rest period. The mycelia of species of Myrian- 
gium and certain related fungi, which are parasitic on scale 
insects, also permeate the host and later grow out to form a 
fertile stroma. 

The Phycomycetous family of the Entomophthoraceae 
also consists almost entirely of entomogenous fungi. These 
again penetrate the host and usually undergo vigorous 
yeast-like budding, which blocks the blood-stream and 
eventually kills the host. The mycelium then bursts 
through the skin of the dead insect to produce numerous 
conidiophores from which the conidia are violently shot off 
to some distance. The spores are sticky and become firmly 
attached to any object in their path. Those which do not 
immediately come into contact with a suitable host may 
germinate to form another conidiophore which shoots off 
its single conidium. The mechanism of spore discharge may 
be similar to that of Pilobolus, as in Empusa muscae, 
in which the swollen sub-conidial part of the turgid conidio¬ 
phore bursts and shoots off the spore (i d), or may be due 
to the sudden rounding-off of the turgid conidium causing 
it to separate with a jerk from the equally turgid conidio¬ 
phore as in Entomophthora sphaerosperma (664) and 
Empusa grylli (755) parasitic on fireflies and grasshoppers 
respectively, and the non-entomogenous but related genus 
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Conidiobolus. Later, the sexual spores or zygospores are 
formed- Probably the production of both asexual and sexual 
spores depends largely on nutritional factors, but there is 
no definite evidence on this point. 

B. Symbiotic Relationships between Fungi and In¬ 
sects 

While some fungi are parasitic on insects others are 
beneficial. The most striking example of symbiosis between 
fungi and insects is that between certain yeast-like fungi 
and various insects. These fungi occur in special cells, 
mycetocytes, which may be aggregated together to form 
sac-like structures, mycetomes, which are attached to some 
parts of the insect’s gut (727). In some examples there are 
special mechanisms to ensure that the yeast is transmitted 
to the larvae. When larvae of insects which normally 
possess mycetomes are freed from the yeast they develop 
poorly unless their diet contains an adequate amount of the 
B group of vitamins. Thus normal larvae of Lasioderma 
serricorne and Sitodrepa panicea grow well on white flour 
which is deficient in the B vitamins, while others artificially 
freed from the symbionts are unable to do so. Norm^ 
larvae of L. serricorne are able to grow on a synthetic diet 
in the absence of thiamin, riboflavin, nicotinic acid, pyri- 
doxine or pantothenic acid and those of 5 . panicea in the 
absence of any of these except thiamin. All these substances 
must be supplied before the larvae devoid of symbionts are 
able to grow (57). Since many yeasts are known to syn¬ 
thesise these vitamins, it is likely that normal larvae are 
supplied by the activity of the symbiont. The latter must 
obtain all its nutrients from the insect’s gut. 

Another interesting example of a more or less symbiotic 
relationship between fungi and insects is that of the 
"fungus gardens” cultivated by certain ants and termites. 
Little is known of the physiology of the fungi concerned. 
A somewhat similar instance is that of the ambrosia beetles. 
These are wood-boring beetles which cultivate certain 
fungi in the tunnels they bore in the wood. Again, 
little or nothing is known of the physiology of this re¬ 
lationship. 


f 
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c. Insects as Agents of Spore Dispersal 

Many insects feed on fungi, and in doing so may in¬ 
advertently assist in the dispersal of the fungal spores. The 
part played by insects in the spread of plant disease is of 
considerable importance (423)- Insects may also be agents 
in the "mating” of strains of heterothallic fungi. Tlie so- 
called nectar exuded by the spermagonia of the rusts (172) 
is attractive to insects which in turn may carry sper- 
matia from one pustule to another, and thus afford an 
opportunity for diploidisation to take place. Diploidisation 
of strains of Coprinus s\ p. has also been shown to follow 
the transport of conidia by flies (80). 

3—RELATIONSHIPS WITH HIGHER ANIMALS 

A. Fungal Parasites of Man and Other Warm-blooded 
Animals 

Medical mycology has been largely concerned with the 
clinical aspects of the diseases caused by fungi and with 
the particularly difficult taxonomy of the pathogens (236). 
Very little is known of the host-parasite relationships or of 
the physiology of the parasite. Those which invade the 
deep-seated tissues are usually yeast-like when growing in 
the host, but are often filamentous in artificial culture. 
They are of necessity able to grow at temperatures rather 
higher than those favouring most fungi so that they are 
able to develop at blood temperature. 

This fact is thought to account for the relatively small 
number of fungal compared with bacterial parasites of 
man and other warm-blooded animals. These do not 
usually penetrate the intact skin, but enter through wounds 
or through the natural openings of the body. The specialised 
group of the Dermatophytes—or fungi causing ringworm 
and other skin diseases—has already been considered in 
connection with the ability to utilise keratin. Much is known 
about their nutrition (532), including the need for certain 
trace elements and growth-substances, but little data is 
available relating to their parasitic abilities. It is clear that in 
medical mycology there exists an extensive field for research 
of the first importance. 
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B. CoPROPHiLous Fungi 

A highly specialised relationship also exists between 
animals and the numerous fungi which grow on dung. 
These coprophilous fungi are found in widely separated 
groups. Among the Mucoraceae many species occur on 
the excreta of various animals, notably the highly specialised 
members of the genus Pilobolus which occur on the dung 
of various herbivorous mammals and Basidiobolus^ 
species of which develop on the excrement of rrogs or 
lizards. Many Ascomycetes, including pyrenomycetous 
forms, such as Sordaria^ and discomycetous ones, such as 
Ascobolus and Humaria^ are coprophilous, as are also a 
number of agarics, such as species of Coprinus, 

The physiology of these is of great interest, since forms 
widely separated morphologically show similar response to 
their common environment. The spore-bearing structures 
of all or nearly all coprophilous fungi are phototropic. 
The sporangiophores of the Mucoraceae, including that of 
Pilobolris, the necks of the perithecia of Sordaria and 
related forms, the individual asci of coprophilous Dis^ 
comycetes and the young stipes of Coprinus are all photo- 
tropic (see pp. 180 - 4 ). This phototropism is often associated 
with a violent discharge of the spores (e.g, Pilobolus^ 
Sordaria^ Ascobolus)^ and these are then shot away 
from the stale substrate on to the surrounding grass. 
They are then eaten with the grass by herbivorous animals 
and pass through the animal’s gut. As already pointed out 
in the preceding chapter (p. 229 ), many of these spores are 
unable to germinate until they have been subjected to this 
treatment or to an artificial imitation of it. Many germinate 
before excretion, and are thus able to establish themselves 
on the dung before competition from saprophytic moulds 
becomes inhibiting. Basidiobolus ranarum has an even 
more complicated history. Conidia of this fungus develop 
on the excreta of frogs and are shot off violently. They are 
frequently eaten by beetles, which in turn are eaten by the 
frog. The spores germinate inside the alimentary canal of 
the frog after surviving a double process of digestion. 

The examples given in this chapter are but a few of the 
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most striking instances of the interaction between fungi 
and other organisms. Much remains to he done, hut the 
study of interaction has already yielded results of first 
importance and of great practical value. 
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(Pago numbers in italics in<iiratc illustrations.) 


Aiisiilia sp., 11 

A. glauca, 271, 272 
Aeaiilium nigrum, 69 
.\chlya ambi.sexualis, 158 

A. bisexualis, 156 
Artinomyccs praecox, 276 
scal)ies, 276 
Mbugo Candida, 221 
Alloinyccs sp., 271 
Altcrnaria sp., 3, 198 

A. brassicao, 31, 187 

A. prossulnriae, lOt, 218 

A. oleracea, 224 

A. solani, 216, 222 

A. tenuis, 43 
Amanita sp., 1%, 197 
A. ruhescens, 50 
A. spissa, 50 

.\rmillaria mclica, 13, 237, 2 U), 256 
Arthrobntrys dactyloides, 279, 280 
A. oligo.spora, 270, 280 
Aschersonia sp., 283 
.\scobolus sp., 88, 186, 187, 277, 287 
A. oqiiinus, 214 
Ascochyta chrysanlbcmi, 31 
A. pisi, 191 
A. rabiei, 172 
A.srnidea rubesrens, 139 
Asrophanus aureus, 214 
A^^pergillus spp., 3.3, 96, 1(>2. 123. 124, 
125, 130, 137, 16f>, 173, J8.5. 274 
.\. cinnamomeus, 70 
A. clavatus, 275 
A. bcurn, 70 
A. fischeri, 128 
A. Havus, 70, 173 
A. flavus-oryzao, 275 
A. fumigatus, 70, 275 
A. fuscus, 70 
A. glaucus, 173, 174 
A. niger, 46, 47, 54, 60, 61, 64, 67, 69, 
70, 72. 74. 78, 91, 93, 108-12, 115, 
120, 121, 122, 124, 125, 150, 173, 
193, 204, 219, 222, 223 
A. oryzac, .3.3, 70, 204 
A. repens, 218 
A. icrricola, 204 
Asterodon ferruginosus, 26 


Basidiobolus sp., 177. 287 

B. ranarum, 152, 287 
Blakeslea trispora, 137 
Blastocladia pringsheinuana, 12,200, 213 
Boletus sp., 71, 259 

B. edulis, 50, 126, 128 

B. parasiticus. 270 

B. scaber, 128 
Botr>tis sp,, 198, 255 

B. allii, 229. 2.53 

B. cinerca, 3, .*), 7. 2.3, 29. 34, 36, .37, 
62, 63, 67. 70, 96, 137.164,169, 170, 
176, 200, 204, 207, 211,215, 217-19, 
222. 226-9. 236, 242, 245-50, 254, 
256 

B. parasiticus, 218 
Premia sp., 173 

Byssochlamys fulva, 170, 171, 221, 222 

(Mindida sp,, 91 

C. albicans, 54 
Cantharelliis cibarius, 130 
Cephalosporium lameUaccola, 270 
Cophalothccium roseum, 3, 32, 163, 167, 

188,191.222 

Ccratostomella sp., 86, 91, 95 

C. adiposa, 142 

C. coerula, 163 
iimbriata, 152 
(^ ips, 16.3 

C. rnicrospora, 91 

C. inultiannulata, 91 
C, obscura, 91 

C. ponicillata, 91 
C, pilifera, 91, 163 

C. pluriannulata, 91 
C. stenoceras, 91 
C. ulmi, 54, 70 
Corcospora bcticola, 251 
Chaelocladium sp., 173 
Chaetomium sp., 45, 135, 163, 177, 275 
C. brefeldi, 271, 272 
C. cochliodes, 55, 142, 145, 147, 152 
C. fumicola, 102, 115 
Citrorayces sp., 120 

Cladosporium horbarum, 56, 60,165,216 
Clavaria sp., 25, 194 
C. bolrytis, 50 
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Oaviceps sp., 11 
Clitocybc multi, 50 
CochJonema, 282 
Coleosporium senecionis, 15 
Colletotrichum sp., 54, 185 

C. gossypii, 226 
C. lagenarium, 185 
C. lindcmuthianum, 163, 191, 242 
Collybia dryophila, 86, 193 
C. fusipes, 12 
C. platyphylla, 12 
C. radicata, 12, 13 
C. velutipes, 126, 152, 196 
Conidiobolus sp., 285 
Coniophora cerebella, 13 
Coprinus sp., 186,187,195,221,286,287 
C. comatus, 4, 50, 221 
C. epbemerus, 152, 176 
C. macrorhizus, 12 
C. micaceus, 221 
C. sterquilinus, 187, 195, 229 
Cordyceps sp., 11, 57, 283, 284 
C. capitata, 270 

C. ophioglossoides, 270 
Corticiura (Rhizoctonia) sp., 175 
Cronartium ribicola, 221, 238 
Ctenomyces sp., 59 
Cunninghamella elegans, 3, 219, 223 
Cytosporina sp., 138 

Dactyella sp., 279, 281 

D. ellipsospora, 280 
Daedalia sp., 168 

Daldinia concentrica, 178, 227 
Darluca 8]um, 270 
Debaryomyces sp., 167 
Diaporthe sp., 138 
Diatrype disciformis, 178 
Dictyuchus sp., 156 
Diplodia zeae, 64, 173, 228, 230 
Dothiorella sp., 70 

E^phomyces granulatus, 270 
Empusa sp., 57, 177, 283 
£. gryUJ, 284 
£. muscae, 284 
Endocochlus sp., 282 
Endoconidiophora adiposa, 91 
£. coerulescens, 91 
£. paradoxa, 91 
Endomyces sp., 8 
£. vemalis, 128 
Endothia parasitica, 178 
Entomopbthora sp., 57 

E. spbaerosperma, 284 

Erysiphe graxninis, 75,216,217,219,249 
£. polygoni, 75, 187, 216 
Eurotium herbarionim, 36 
Euryancale sacciospora, 281 


Pomes fomentarius, 195 

F. noxius, 240 

Fusarium ep., 10, 32-4, 47. 102 lao 
149, 185, 186, 188, 1% 2w’ 

240. 248, 250 ’ ^26, 

F. avenaceum, 86 

F. batatis, 193 

F. buUatum, 204 
F. bulbigenum, 166, 242, 251 
F. coerulemn, 167, 223 
F. discolor, 167 
F. eumartii, 167 

F- ^ctigenum, 3, 5, 29, 30. 40 4H 
45-7, 51, 53, 62, 63, 65,75 97 *140* 
149. 164, 171. 188. 189, 2W 20?* 
^ 211. 215, 219, 226.’228; 229 * * 

F. graminaceum, 112 
F. herbanim, 252 

F. lini, 54. 106,117,118,163 
F. lycopersici, 248 
F. momliforme, 173, 277 

F. oxysporum, 9, 69, 70, 167, 184 
r. radicicola, 167 
F. tricothecioides, 167 


Geasier sp., 178 
Geoglossum sp., 196 
Cibberella saubinetti, 252 

G. zeae, 173 
Gliocla^um sp., 275 
Gloeosporiumi fractigenum, 163 

G. musarum, 163,191 
Glomerella sp., 171 

G. cingulata, 191, 226 

G. rufomaculans, 221 
Gnomonia erythrostroma, 137, 257 
Grosmannia serpens, 91 
Gymnoascus sp., 59 


Helminthosporium sp., 123,185 

H. gramineiim, 123 

H. sativum, 241 
Helvella sp., 196 
Himeola auricula-judae, 49,178 
Hormodendron sp., 32 
Humana sp., 287 
Hydnum sp., 194 

H. coralloides, 152 

H. repandum, 50 
Hypholoma candolleanum, 50 
Hypocrea ru£a, 31, 32 
Hypomyces sp., 269 
Hypoxylon pruinatum, 86 


Lacimea melaloma, 214 
Lactarius sp., 71 
Lentinus sp., 1^ 


P.O.F.— 24 
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Lcnzites sp., 178 

L. saepiaria« 163, 204 
Lobam sp., 267 
Lophodcrmium pinaslri, 86, 88 
Lycoperdon bovista, 4, 50 

Macrosporium sp., 70, 185 
Magnusia brachytrichia, 163, 175 

M. nitida, 163, 175 
Marasmius sp., 85, 88, 178, 261 
Melanconium betulinum, 86, 88 
Mclanospora destruens, 7, 41, 45, 55. 78 

81, 86, 102, 107, 108, 110, 111, 134 
135,139-47,151,153,159,163,164! 

168,207,208.277.278 

M. pampeane, 277 

M. zamiae, 54, 88, 142, 152, 163, 164 
Merulius sp., 163 

M. lachrymans, 13 
Microsphaera alni, 216 
Mitrula sp., 196 
Monilia sp., 137 
M. cinerea, 218, 222 

M. frucUgena, 163, 167. 188, 190, 191. 
222, 229,253 ’ 

Morchella sp., 196 
M. esculenta, 49, 50 

Mucor sp.. 8, 32. 33. 56, 121, 155, 166. 
218, 271, 272 
M. chiistianiensis, 60 
M. flavidus, 187 
M. genevensis, 192 
M. glomerula, 204 
M. griseocyanus, 60 
M. gtiillermondii, 192 
M. mucedo, 200, 218 
M. raromanianuB, 80, 81, 278 
M. sexualis, 7, 152 
M. sphaerosporus. 60 
M. spinosus, 60 

M. stolooifera, 184, 192 
Mycogone pemiciosa, 270 

Nectria galligena, 177, 211, 217 

N. cinnabarina, 139 

Nematospora gossypi, 22, 53. 75, 76, 84. 

85, 88, 98,126, 277. 278 
Neocosmopara vasi^ecta, 43 
Ncurospora sp., 35, 92, 127, 129 

N. crassa, 46, 64, 85 

N. sitophila, 36. 85, 198 
Nigrospora, sphaerica, 173 
Nyctalis asterophora, 269 

N. parasitica, 269 

Oidium Jactis, 32, 128 

O. pannosa, 222 
Olpidiopsis sp., 270 


Onygena equina, 59 
Oospora lactis, 128 

Ophiobolus graminis, 85, 202, 230, 240, 
241, 276, 277 ’ 

Ophiostoma sp., 91, 95 

O. catonianum, 91 

O. major, 46 

O. muJiiannulalum, 46, 47 
Ovularia sp., 70 


Panus stypticus, 166, 203 
ParasitcUa simplex, 271, 272 
Parmclia sp.. 267 

P. physoides, 113 
Pcltigera canina, 112, 113 

P. polydactyla, 112, 113 
Penicillium sp., 32, 33. 54. 58, 67, 96. 

120. 124, 130, 164. 166. 173, 
174, 176, 185, 198, 200. 218 

P. chrysogenum, 216, 274 

P. cyciopium, 204 
P. digitatum, 163, 222 
P. gUdioU, 251,252 
P. glaucum, 124, 218 
P. itaiicum, 204 
P. javanicum, 70, 128 
P. luteum, 70, 125 

P. notatum, 37, 103, 123, 131. 217, 
274 

P. roquefortii, 198, 199 
P. sulphuxeum, 70 
P. variabile, 204 
Peronspora sp., 173 
P. callotheca, 15 
P. parasitica, 15 
P. schleideni, 213 
P. tabacina, 177 
Pestalozzia sp., 3, 139 
Pbilocopra sp., 153 
Phoma sp., 43, 177, 191 
P. betae, 70 
P. radicis-callunae, 61 
P. roseola, 218 
Phomopsis sp., 138 
Phragmidium mucronatum, 223 
Phycomyces sp., 17, 23, 25, 58, 93, 180, 
182-4 

P. blakesleeanus, 35, 64, 78-81, 83, 
93. Ill, 150.156,178,183,228 
P. nitens, 35. 152, 176. 178, 183 
Pbyllostictus sp.. 32, 188, 191, 222 
P. solitaria, 222 

Phymatotrichum omnivorum, 11,13, 25, 
70, 125. 171, 175, 240, 253 
Phytopbthora sp., 64, 80, 140, 166. 172, 
207, 212, 214, 215, 224, 241, 255 
P. cactorum, 151, 152, 213 
P. emnamoni, 83 
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Phytophthora erythroseptica, 275 
P, infestans, 221, 239, 251 
P. terrestris, 163 

PHobolus 8p., 177, 180, 183, 184, 186, 
187, 284, 287 
P. crystallinus, 156 
Piptoccphalis sp-, 271 
P. frcseniana, 272 
Pityosponim ovale, 92 
Plasmodiophora brassicae, 205, 214, 240, 
253 

Plasmopara viticola, 213, 221 
Plenodomus maculans, 135, 186 
Pleospora herbarum, 135, 149 
Pleorotus ostreatus, 50 
Podosphaera sp., 55, 142, 144, 145,182 
P. curvula, 152 
Polyporus sp., 69 

P. adustis, 84, 277, 278 
P. mylittae, 11 
P. squamosus, 4, 5 
P. versicolor, 163^ 

Polystictus versicolor, 163 
PsalHota campestris, 4, 50, 126, 185 
Puccinia antirrhini, 221 
P. coronata, 221 
P. coronifera, 216 
P. dispersa, 216 
P. glumarum, 64, 225 
P. graminid, 167, 216, 221, 225, 242, 
244, 246 

P. malvacearum, 216, 221 
P, nibigo-vera, 221 

P. triticina, 15, 61,136,177, 216, 221, 
225, 242, 249, 251. 255 
P. tumida, 177 

Pyronema confluens, 55, 57, 135, 139, 
142-5, 152, 186, 207. 208 
Pythiomorpha gona-podyiodes, 83 
Pythiuni sp., 166, 172, 175, 207, 212, 
241 254 

P. butleri, 46, 78, 80 

P. de Baryanum, 7, 29, 30, 252, 254 


Ramularia vallisambrosae, 176 
Rhizoctonia sp., 54, 255, 261 

R. solani, 11, 163, 175, 207, 236, 240, 
250, 274 

Rhizopogon sp., 259 
Rhizopus sp., 11, 56, 121,166, 254 

R. arrhizus, 167 

R. artocarpi, 167 

R. chinensiB, 167 

R. delemar, 167 

R. maydis, 167 
R. micTosporum, 167 
R. nigricans, i2, 32, 33, 69, 70, 80, 
122, 167, 218. 221, 222 
R. nodosus, 167 


Rhizopus oryzae, 167 
R. reflexus, 167 

K. tntici, 167 

Rhodotoruia rubra, 78, 80, 278 
R. sanniei, 47 
Rozella allomyces, 271 
Russula adusta, 269 
R. foetens, 269 
R. nigricans, 269 

R. roseolus, 86 

Saccharomyces cerevisiae, 56, 65, 86, 93 
Saccobulus depauperatus, 214, 277 * 
Saprolegnia sp., 6, 67, 96,138 
Sapromyces reinschii, 1^ 
Schizophyllum conunune, 139,152,178 
Schizosaccharomyces octosporus, 7 
Scleroderma sp., 270 
Sclerospora graminicola, 221 
^lerotinia sp., 137, 175, 252 

S. fructigena, 32, 172, 187, 188, 189. 
205 

S. fruticola, 32, 185,189 

S. gla^oli, 10 

S. laxa, 32 

S. liberdana, 31, 32, 245 
Sclerotium rolfsii, 11, 80 
Septoria sp., 177, 191 
Sordaria sp., 3, 47, 107, 163, 165, 182, 
287 

S. 6micola, 142, 144, 152,154 
Sparassis crispa, 194 
Spathularia sp., 31 
Sphaerobolus stellatus, 178,182 
Sphaeronema hmbriatum, 54 
Sphaeropsis malonun, 43, 44, 65, 218 
Sphaerothaeca pannosa, 222 
Spongospora solani, 252 
Sporodinia grandis, 136, 137,149, 167, 

186, 269 

Sporotrichum camis, 165 
Stereum purpureum, 139, 194, 217, 251 
Synchytrium endobioticum, 214, 235, 
240, 255 

Taphrina sp., 10 
Thamnidium sp., 165 

T. elegans, 36 
Tilletia horrida, 80 

T. levis, 224, 226 

T. tritici, 80, 216,224,226 
Torula botryoides, 165 
Torulopsis sp., 91 

T. pulcherrima, 71 

T. sanguinea, ^0 

T. utiUs. 37,124,126,166 
Trichoderma sp., 275 
T. lignorum, 202, 274 
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Tricholoma portentosum, 126 
Trichophyton intcrdigiiaJe, 54, 70 
Trichothodum roseum, 3 
Tuber excavatum, 3 

T. mamtum, 49, 50, 259 

T. mel^ospermum, 49, 50 
Tuberculina sp., 270 


Uncinula aalida, 216 
Urocyetis cepulae, 221 
Uadlago avenae, 221 

U. maydis, 1^ 

U. occulta, 221 
U. Bcabiosae, 80 
U. atriaeformis, 221 
U. tritid, 221 
U. violacca, 80, 257 
U. acae, 219, 221 


Valsa leucostoma, 135 

V. pini, ^ 

Venturia inaequalis, 137, 215 

V. pyrina, 137 
Verpa bohemica, 163 
Verticilliuni sp., 38 
V, albo-atrura, 163 
V. cincrescens, 248 
V. dahliae, 283 


Zoophagus insidiam, 281 
Zygorhynchus moelleri, 152 
Zygosaccbaromyccs sp., 154 
Z. barken, 7 
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Abscission, prevention of, 257 
acervuli of Colletotrickumt 185 
acetaldehyde, 113,117, 202 
acetic acid. 63, 105, 120, 122, 206 
acetone, 202 
acidity, 204, 225, 253 

acids, organic, production of, 120-2 
toxic effect, 206 
actinomycetes, 103, 131, 275 
activators of germination, 227 
adenine, 93, 126 
adenosine dUphosphate, 118 
triphosphate, 119 

adermin (pyridoxine, vitamin Be), 91-2 
adhesion of predaceous fungi to prey, 
281, 282 
aecidia, 270 

aecidiospores, on barberry, 238 
germination of, 216, 221 
aeration, effect on acid production, 121 
fat production, 128 
penicillin production, 196, 274 
respiration, 112 
in lichens, 267 

of cultures, 20, 21, 86, 196, 274 
of soil, 174, 241, 263 
aereolae, 267 
aerobes, obligate, 104 
after-ripening of spores, 213 
agar-agar, 58, 77 
Agaiicaceae, 194 
agarics, coprophilous, 287 
edible, 126 

mycorrhiza-forming, 86 
nutrition of, 136 
parasites on, 269 
spore discharge, 187. 
age, of cultures, 192 
of spores, 211 
air, ionised, 113 

air currents, effect on spore discharge, 194 
/S-alanine, 65, 92, 98, 126 
alcohol, butyl, 63, 105 
ethyl, 117 

alcohols, aliphatic, 89 
as source of carbon, 59 
as substrate for respiration, 106 
production of, 113-20 
aldehydes as source of carbon, 59 
algae, green, 151, 266, 267 
interaction with, 266, 267, 279 
plankton, 266 


alizarin blue, 112 

alkalinity, degree of toleration of, 205, 
225 

America, N., 237 
amides, 59 

amino acids, 36, 41, 59, 60, 74, 76, 92, 
108, 126 

ammonia, 60, 61, 62, 63, 126, 197, 202 
ammonium nitrate, 128, 205 
salts, 126, 128, 263 
sulphate, 205 
amoeba, 281 
anaerobes, obligate, 104 
anaesthetics, effect on luminosity, 203 
spore discharge, 203 
anastomosis of hyphae, 7, 8, 279 
aneurin, see thiamin 
animals, 278, 279-83, 287 
antagonism, 263 
antheridia, of Acklya, 156 
of Phytophthora^ 151 
of Saprolegniales, 156,160 
anthranidic acid as precursor of trypto¬ 
phane, 127 

antibiotics, 2, 103, 111, 131, 196, 273-4 
antibiotin, 86, 87 
Antirrhinum^ 250 
ants, 285 

apothecia, 135, 207 
apple, canker of, 177 
mummied, 137 

resistance of trees to disease, 253, 254 
scab, 137 

storage of, 137, 165, 218, 222 
volatile substances from, 227 
appressorium, 242, 244, 245 
aquatic fungi, 11, 22, 138, 166, 279 
arabinose, 55, 125 
arachnida, 279 

arginine, synthesis of, 126, 127 
asci, 177,182 

ascigerous stage of CoUetotrichumt 185 
Ascomycetes, coprophilous, 287 
drought resistance of, 175 
fruiting of, 141,143,155, 160 
germination of spores of, 214, 221 
production of antibiotics by, 275 
response to gravity of, 196 
septation of hyphae of, 8 
subterranean, 259 
zonation in, 31 
ascorbic acid, 93 
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ascosporcs, discharge of, 177, 178 
effect of temperature on, 167, 170 
gcnnination of, 212, 214, 215. 220 
221,222, 223. 225, 227, 230 
ash, content of fungi, 49 
asparagine. 62, 64. 65, 75. 79, 89. 98 
150, 151 

aspartic acid, 65, 98 
Aspergilli. 125 

atmosphere, saturated, 197, 215, 216 

atmospheric pressure. 219 

autolyais, 28, 29, 110, 127 

auximones, 72 

auxin, 93, 184 

anxithals, 72 

AvenOj coleoptile, 184 

avidin, 87 

Asotobacter sp., 60, 61 


Bacillus, see bacteria 
bacteria, 1,27, 56, 60, 86, 89. 91, 93, 95. 
Ill, 170, 200, 230. 269, 274, 275 
283 

Bacillus coli, 274 
Bacterium tumefaciens, 257 
lactic acid, 89, 91, 95 
Lactobacillus casei, 86, 87 
Pseudomonas saccarophila, 148 
bacteriostasis, 274 
Bacterium, see bacteria 
balanced medium, see medium 
barberry, 23^ 246 
barbitiuric acid, 159 
barley, terminated (malt), 56 
stored, 173 

barriers, mechanical, 208 
basal rot of Narcissus, 166 
baaic slag, 205 
Baaidiomycetca, 4, 8, 25 
antibiotics product by, 275 
drought resistance of, 175 
effect of gravity on, 193 
H-ion concentration on, 204 
thiamin on, 160 
ultra*violct light on, 192 
fairy-ring forms, 31 
myeorrlua-forniing, 259 
sporulation of, 134 
subterranean, 259 
tremelloid, fruit-bodies of, 176 
baaidiospores, discharge of, 193,194 
germination of, 216, 221, 230 
of rusts, 237 
beer wort, 75 
beet, 251 

beetles, 253,285,287 
berberine, 2i^ 

Berberis vulgatus, 242 
'Bio8,» 73, 74, 75, 76. 77, 79, 88, 111 


biotin. 44, 76. 77. 78. 8-t-7 91 g.i 

154. 228. 277 *278 

black spot of roses. 207 
olastocladiales, 270 
blocking of synthesis, 124 
blue light, iee light 

Bordeaux mixture, 255. 283 
boron. 68. 69 

brand spores, germination of. 224 
breeding for resistance, 251 
Brown s medium, «e medium 
brown rot. of fruit. 238, 246. 253 
tungi, 137 
of timber, 56 

bulb scales of onion, 227 229 
Burma, 166 ’ 

Burmanniaceae, 262 

butter. 165 

butyric acid, 63. 92, 206 


127. 
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Cabbage. 257 
calcium, 49, 51, 68. 263 
nitrate, 226 

Calluna ^vulgaris, mycorrhizae in, 61. 

callus, 242 
campion, 256 
cankers, 117, 238 
canned fruit, spoilage of, 223 
canning of fruit, 170 
carbohydrates, 1, 54-8, 65, 96 
as energy source, 101 
breakdown of, 113-20, 276 
conversion to fat, 128 
effect on sporulation, 140 
in symbiosis, 264 
carbon, 53, 54, 60, 101, 102 
balance sheet, 102 
compounds, 1, 101 

diojude 53^, 97.102, 103, 111, 113, 

I 218. 267. 276 

lamps, 183 

-nitrogen ratio. 96, 97, 188 
carboxylase, 67, 81, 117, 118 
carboxylic adds, 121 

cardinal points of temperature, 163, 220 

carnation, wilt of, 248 

carotinoids, 183 

casein, 75, 76 

catalysis, 71 

cithode rays, 193 

cattle, control of nematodes parasitic on 
282 

cellophane, supporting floating colonies. 
188 

cellulose, 56, 98, 124, 204, 266, 277 
cereal rusts, 216, 219 
chanterelle, viumin content of, 130 
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charcoal, 62 

chemotropism, 244, 245 
cherry, 257 

cherry-leaf scorch, 137 
chitin, 57, 124, 283, 284 
chlamydospores, 9, 10, 219 
chlorine, 49 

chlorinated nitrobenzenes, 203, 207, 255 

chloroform, inhibiting effect of, 202, 203 

chlorophyllin, 60 

cholesterol, 93 

choline, 126,129 

chromates, toxic effect of, 206 

chromium as trace element, 128 

chytrids, 12, 57, 266, 270, 279 
citric acid, 1, 59, 102,105, 108, 120 
citrinin, 274 

citruUine, as precursor of arginine, 127 
classification of fungi, 17-18, 34 
clavacin, 275 
claviformin, 275 
clay, 62 

Clostridium pastorianum^ 60 
clover, 282 

club-root of crucifers, 240,241,253,257 
cocarboxylase, 82, 83, 111, 153 
co-enzyme, 81, 82, 88, 94, 111 
cold storage, 165, 171 
collodion, 244 
colour, 184, 247, 266 
colouration, 33, 38, 41, 69 
Colpodoj 283 

columbium as trace element, 69, 128 
competition, 287 

concentration of medium, 95, 96, 189 
conidia, 16,33.34.46,137,138,139,140, 
150, 175, 176, 271, 284 
discharge of, 177 

formation of, 97, 167, 171, 172, 185, 
186, 187 

germination of, 211-28 
of predaceous fungi, 282 
septation of, 138 
comdiophore, 16, 175,177 
conifers, mycorrhizae of, 263 
conjugation, 154, 271 
control of disease, 251, 255, 273, 276, 
282, 283 

cool storage, 201, 222 
Coon*s agar, see medium 
copper as trace element, 68, 69, 206 
copper sulphate, 206 
coprophilous fungi, 165, 182, 214, 287, 
288 

cork, 242, 251, 256 
cortex, 258, 259, 262, 265 
of lichens, 267 
cotton root-rot, 175 
crab shell, 57 

creams, spoilage of by fungi, 58 


crop plants, diseases of, 234-5,237,240, 
276,282 

crucifers, club-root of, 240, 241, 253 
wire stem of, 250 
Crustacea, 57, ^8 
cultures, 19, 2^ 21, 22,196 
curvature of stipes in response to gravity, 

194,196,197 
phototropic, 180-2 

cuticle, 14, 241, 242, 244, 245, 246, 251 

cyanide, 112 
cystine, 67,126 
cytochrome, 71 
cytoplasm, 2, 6, 8, 42 

Daffodil, 255 

damping-off of seedlings, 174, 175, 239, 
240, 250, 276 

I daylight, effect on sporulation, 187 
inUbitory effect of, 188 
deatl^ 168 et seq, 

point, see thermal death point 
dehydrogenase, 118 
Dermatophytes, 44, 59, 80, 111, 286 
desiccation, effect of, 207,217 
of food products, 174 
of lichens, 268 
desthiobiotin, 86, 87,129 
deterioration of stored products, 56 
diastase, 56 
dieback, 250 

digestion, of hyphae, 259, 261, 265 
in predaceous fungi, 281 
of spores, 287 

dihydroxyacetone 3-pho8phate, 118,119 
diphtheria, 274 
diploidisation, 286 
disaccharides, 55,106,125 
Discomycetes, asci of, 182 
coprophilous, 287 
phototropism in, 182 
spore discharge of, 177 
disuse control, 257 
escape, 251 

diseases, of animals, 2, 234 
of crop plants, 2, 234 
of man, 2, 286 
physiological, 68 
dispersal ol spor^ ^7, 286 
diurnal changes in 14^t, 187 
dormancy, ot sclerotia, 202 
of spores, 202, 213, 214 
downy mildews, see mildews 
drainage, 263 
drought, 11, 31,265 
resistance to, 174 
dry heat, 169 

dr^g, ^ect on spore germination, 214 
dual phenomenon, 37 
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dulcitol. 09 

(iunfi, 182, 183, 229, 271, 287 
dwarfing, 256, 257 
dyes, influence on respiration. 111 
production of, 103, 131 

Ectoparasites, 241 
cdestin, 76 
eelworms, 279, 282 
eggs, dehydrated, 174 
of microscopic animals, 278 
egg-white, 75, 76 
egg-yolk, 76 
eniulsin, 58 

end-products of respiration and frr 
mentation, 113 
energy. 72. 101, 103, 105 
enolic form of sugars, 106 
enlomogenous fungi, 283 
Entomophthoraceae, 284 

enzym^. 42. 55, 58, 94, 117. 118 24S 
247, 248. 250 ’ 

destruction of. 111 
proteolytic, 265, 270 
respiratory. 114, 117, 118 
synthesis of, 103 
Epacridaceae, 262 

epidermis, 242. 244. 245, 246. 252, 259 
epidemics, of chytnds on plankton, 266 
of fungi on insects, 283 
of rusts, 237 
ergosterol, 130 
ergot. 11 

Ericaceae. 259, 261, 262 
esters, as carbon source, 59 
methyl, of biotin. 86 
phosphoric, 115, 117, 148 
Robinson’s, 115 
ether, effect on luminosity, 203 
spore discharge, 203 
fractionation with, 62 74 
Eucalyp^^, volatUe substances from. 

extracts, of club-root galls, 257 
of germ-tubes, 79 
of lentils, 78, 228 
of wood, 227 

of yeast, 78, 93, 111 
various. 51 65. 72, 77. 93, 244 
eye-spot, of Ptlobolus, 180, 184 

Factor Z, 93. 150, 151 
Fagifi sylvaticae, 260 
fairy rings, 31 

fats, as source of carbon, 1 , 58 
as substrates in respiration, 108 \ 

in composition of funiri 49 
synthesis of, 103. 128 ’ / 

fatty acids, 63, 103 J 

feathers, saprophytes on, 59 * 


I '05-20 

of cilnutn, 68 
tniamin. 81 

end-products of. II 3 

inhibition of, 11 j 

intermodiutcs in, 114 

of, 22 95 lot 

«f«I|.freceMrar,s:’ir2 

ferrirchlotiTe. 

fi-uon of i„,ermod.a,es m respiration. 

flagella, 2 
flavicin. 274, 275 
flax, 276 
Horida, 283 
flour, 56, 285 v 
folic acid, 130 

;.arhS.&-ir '« 

fractionation of Bios, 73 74 

f"ogs“exorrta of, TsT 214 

frost, effect of, 214 

fructose as source of carbon 54 57 so 

'r? formation 121 

mannitol production, 125 
respiration, 106 

germination. 226 
formation from inulin. 277 

fructose diphosphate, 147, see fructo- 
I furanose diphosphate 

fruit, canned, 170, 223 
gas storage of, 201 
soft, 171 

fruiting effect of nutrition on 133-fil 

frutt-horh..!.!,,..^^^^^^ 

fumanc acid, 70, 102 
fumigacin, 275 
fumigatin, 123, 275 

fimgicid^^, 169, 174. 203, 206. 207. 229. 
Fungi I„per|c,, a 16. 18. 37. 59. 80. 

fungisterol, 130 
"fungus gardens,” 285 
fusion of nuclei, 213 
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Galactose 15, 42, 54, 55 , 125 
i^lhum Aparine, 15 
gallium as trace element, 68 , 69 
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galls, 236, 256, 257* 270, 271, 282 
gametophores of Mucor mucedo, 156 
gamma rays, 193 
gaseous exchange, 113 
gases, effect of, 202 
gas storage, 201, 218 
Gastcromycctes, 178 
gastric juices, effect 0 |i spore germina¬ 
tion, 214 

Gastrodia elata^ 261 
gelatine, 21, 22, 76 
gemmae, 9, 10 
Gentianaceae, 262 
gene, 42, 123, 124 
genetics, 35, 36 
g^tropism, 26, 193 
Gennany, 126 

germination, of seeds, 264, 266 
of spores, 54, 62, 63. 93. 209-33, 255, 
287 

germ-tube, 4, 6, 16, 79, 235, 237, 242, 
244, 245, 246, 249, 251, 254, 282, 
310 

**giant cells,*’ 184 

gOls, geotropism of, 194 

Gladiolus^ 10, 251 

gleba, of gasteromycetes, 178 

gliotoxin, 275 

d-gluconic acid, 102 

glucopyranose ^phosphate, 115 

glucose, 20, 23, 53, 60, 70, 78, 125 
as source of carbon, 54, 55 
as substrate for acid formation, 128 
fat formation, 128 
in respiration, 106 
mannitol formation, 125 
protein synthesis, 126, 127 
effect on germination, 226 
1-phosphate, 148 
phosphorylation of, 117 
removal of, 101, 102 
glucosides, 58 
glutamic acid, 64, 127, 159 
glutamine, 65 

a-glyceraldehyde 3-phosphate, 118 
glycerine, 47, 78 

glycerol, 59, 60, 108, 117, 120, 125 
glycocoU, 126 
glycogen, 56, 109, 124 
phosphorylation of, 148 
gonidia of lichens, 267, 268, 269 
Gonococcus^ 274 
gooseberry, 250 
grain, stored, 173 
moisture content of, 174 
grape, 186 
juice, 226 
grass, 282, 287 
grasshoppers, 284 
gravity, 193,196 


green algae, 151, 266 
greenhouse, 255 
growth, 19-^7 

effect of environment on, l^-^OS 
growth-factors, 72, 99 
growth-rate, 28, 41, 69,192 
growth-regulators, 196 
**growth-substance B,” of Nielsen, 111 
growth-substances, 45, 72, 99,103 
effect on germination, 228 
growth, 72-94 
respiration, 110, 111 
sporulation, 150-60 
synthesis of, 103, 250, 255, 264, 277 
guanine, 151 
gum, 243.t 248, 251 
gums, **yeast,” 125 
gut, of animals, 165, 287 
of insects, 2^ 


Haptotropism, 245 
Hartig net, 259 

haustoria, 14,15,235,241,247,249* 269* 
272, 281, 284 
Hawaii, 282 
heart-rot, 253 
heavy metals, see metals 
hemin, 93 
herbivores, 287 
Hertzian rays, 193 
heteroauxin, 74, 93, 252, 257 
Heterodera marioni, 282 
heterokaryosis, 37, 38, 44 
heterothallism, 35, 155-8, 271, 278, 286 
heterotrophs, 49 

hexose diphosphate, 112,115,148 
monophosphate, 148 
hexoses, 98,104,106 
*'high-temperatuTe fungi,*’ 166 
histidine, 126 
homothallism, 155 
hormones, 157.159, 278 
horses, nematodes parasitic on, 282 
hop, 186 
humidity, 137 

effect on growth and sporulation, 172-8 
spore germination, 215-17 
humus, 56, 263, 264 
raw, 204 
hybridisation, 35 
hydantoin, 159 
Hydnaceae, 194 
hydrochloric acid, 63 
hydrogen cyanide, 202 
peroxide, 206 
sulphid^ 202 

hydrogen-ion concentration, 23, 36* 40, 
62, 63, 66, 71, 72, 97, 121, 188, 
203-5, 225-6, 248,274 
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hydrolysis, 55, 56, 57, 276, 277 
bydrolydc enzymes, 56, 106 
bydrozylamine, 64, 126 
bymenium, 194 
Hymenomycetes, 193, 230 
hypersensitivity, 254 
hypertrophy, 256, 257, 271 
hypbse, 5-11, 228 and numerous other 
references 

Hyphomycctes, 176, 279 
hypoxanthine, 151 


Illumination, effects of, 178-96, 224-5 
immunity, 253, 255 
incubation, 27 
India, 238 

indole as precursor of tryptophane, 127 
3-indole acetic acid, 74, 93, 184, 257 
^•indolyl acetic acid, see 3-indole acetic 
acid 

infection, 238, 239, 250, 262 
hyphae, 242 
infra-red rays, 193 

inhibition, of growth by carbon dioxide. 
199, 276 

daylight, 188 

metabolic products, 32, 266, 273, 
287 

poisonous substances, 72, 78, 84 
respiration. 111, 114 
spore germination, 224, 228 
sporulation, 192 

inhibitors, inhibitory substances, 117. 
228 

initial acceleration of growth, 27 
lag of CTOwth, 27 
injury, of spores by light, 224 
mechani<kl, 207 
inoculation of plants, 226 
inositol, 59, 73, 76, 84, 86, 88-9, 125, 
152, 278 

insects, 57. 239, 241, 283-6 
integument, 279, 282 
intermediate products of respiration and 
fermentation, 114, 115, 117 
intrinsic rate of growth, 28 
inulase, 56, 277 
inuUn, 56, 57. 146, 277 
inversion of sucrose, 145-8 
invertasc, 55,145-^ 
ionised air, 112 
iron, 68-71, 128, 158 
irradiation, 77, 185, 193 
isotopes, radioactive, 122 


Jam. 57, 96 
Jamaica, 126 


Kcralin, 59, 286 
hilling agent, 247 
kojic acid, 123 


Laboulheniales, 57 283 

" 4 - 121 

LactobaciHus casei, 86 87 
actose. 55, 60, 128, l4i-8 
ag period. 27, 34. 43, 189 
l-agenidialcs, 266 
larvae, 285 


iMswderma serricorne, 285 
leak of strawberries, 222 
leaves, 226, 227, 228 
Lcguminosae, 257 
leguminous plants, 61 
lenticels, 242 

lentil extract, 76, 151, 215, 228 
Leonian’s medium, see medium 
lethal effect of light, 191 
lettuce, 186, 226, 247, 250 
leucine, 46, 126 

lichens 112, 113, 131, 266, 267, 268 
light, blue, 178, 183, 184, 187 
causing mutations, 192 
causing zonation, 187 
diurnal changes in, 187 

effect on growth and sporulation. 178 
193 


respiration and fermentation, 112 
spore germination, 224-5 
lethal effects of, 191-2 
orange, 183 
lignin, 56, 57, 98 
liming of soil, 205 
linseed, 108 
lipoids, 109 
Listera ovata^ 261, 265 
liverworts, 255 
lizards, 2^ 
lobster shell, 57 
Lolium perenne, 262 
longevity, 32-3, 211, 216, 224 
low-temperature storage, 201 
luminous fungi, 203 
luteic acid, 125 
lycomarasmin, 248 
Lycopodium^ 262 
lysine, 126 


Magnesium, 49, 53, 67, 78, 99 
sulphate, 226 
Mahonia, 253 
maize, 173, 252 
malic acid, 59, 102, 188 
malonic acid, 159 
malt, combings. 111 
extract of, 20, 29, 30, 56, 151, 226 
maltose, 42, 55, 79, 226 
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man, 163 

manganese, 68, 69, 71, 265 

chloride. 111 
mannite, 108 

mannitol, 1, 59,60,89,102,125,146,147 
mannose, 54, 106, 125 
manometric methods, 105 
mantle, of mycorrhiza, 259 
manuring, 2^, 256, 265, 275 
maturity, of spores, 211-13 
m jasurement, of germination, 209-10 
of growth, 21-3 

of respiration and fermentation, 105-6 
meat, deterioration of, 165, 222 
medium, balanced, 97 

concentration of, 95, 134—9,189 
good, 99 
hquid, 19 
natural, 98 

synthetic, 20, 49, 53, 72, 93, 98 
Brown’s, 41, 51, 65 
Coon’s agar, 136 
Leonian’s, 226 
Richard’s, 226 
melibiose, 56 

membranes, artificial, 244, 245, 246, 248 
plasmatic, 248 
Mendelian laws, 35 
Meningococcus^ 274 
mercuric chloride, 206, 207 
mercury, inhibiting rwpiration. 111 
compounds, fungicidal effects, 206 
meso-inosite, 88, see inositol 
metabolic products, 229 
harmful effects of, 229 
metabolism, 101-31,197 
metals, heavy, as poisons, 206 
as trace dements, 6^72 
2-methylanthraquinone, derivatives of, 

123 

methyl glyoxal, 117 
microbiological control, 276 
deterioration, 173 

mildews, downy, 14, 33, 49, 137, 176, 
177,186, 207, 214, 215, 220. 224, 
255 

powdery, 14, 49, 177, 186, 235, 241, 
244, 249 

milk, dehydrated, 174 
min eral sfdtS, 264 
minerals, in nutrition, 65-72 
moist heat, 169 
moisture, 172-8, 215-17 
molasses, 126,174 

molybdenum as trace element, 68, 69, 
128 

monocotyledons, 253 
mosses, 255 
mould products, 103 
starcn, 124 


moulds, 172, 173, 185 

Mucoraceae, 80, 137, 155, 287 
Mucorales, 4,16, 25, 64, 217, 269, 271 
mull, soils, 263 
**mummy,” 284 

mushroom, 185,194,197,198, 230, 270 
mutants, see mutations 

mutations, 35-9,42, 44, 77, 97, 127,129 
mycelium, 5-8 
age of, 110 

composition of, 48-9,101,123 
effect of environment on, 96,102-208 
extracts of, 77, 230 
inhibition of, 234 
mycorrhiza, 265 
sprout, 8 
starvation of, 108 
mycetocytes, 285 
mycetomes, 285 
mycodextran, 124 
raycogalactan, 124 
mycology, medical, 286 
systematic, 48 

mycorrhiza, 61, 258, 259, 261, 265 
mycotrophs, 258 
mytilitol, 89 
iso*, 89 
oxy-, 89 

Narcissus, basal rot of bulbs, 166, 242 
251 

white mould of, 176 
nectar of rust spermagonia, 286 
nematodes, 278, 279, 281, 282 
Neottia^ 261 

net, Hartig, see Hartig net 
nicotinamide, 93 
nicotinic acid, 93,127, 285 
Nielsen’s grov^-substance B, see**growth 
substance B” 

nitrates, 60-4, 71, 91,126,128, 263 
nitric acid, 64 
nitrites, 64, 128 

nitrob^izenes, chlorinated, see chlorin* 
ated nitrobenzenes 
nitro-chalk, 205 
nitrogen, amino, 127 

effect on germination, 226 
sporulation, 149 
zonation, 188 
excess of, 256 

fixation of, 60, 61, 62, 257, 264 
in lichens, 269 
organic, 65 

source in nutrition, 53,60-3,98, 99 
253, 254 

utilisation of, 64, 65 
nodules on roots, 257 
bacteria in, 96,257 
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nuclear fusion, 213 
nucleic acid, 66 
nucleus, 6, 8, 249, 265, 271 
nutrients, 134, 226 
nutrilites, 72 

nutrition, 36, 48-99. 133-61 

Oat coleoptile, 183 
oatmeal, extract of, 151 
oats, 173, 265 
ocellus, see eye-spot 
oidia, ^9 

oil, 58,213, 253 
oleic acid, 92 

onion. 186, 227, 228, 245, 253 
ooRonia, 151, 156, 157, 160 
Oomycetes, 32, 217 
oospores, 137 

germination of, 212, 213, 217, 221 
optical activity of pantothenic acid, 92 
tartaric acid, 58 
Orcbidaceae, 259 

orchids. 61, 259. 261, 262, 263, 265 
organic acids, as carbon source, 1, 59 
as substrate for respiration, 106 
synthesis of, 120, 123 
ornithine, as precursor of arginine, 127 
osmotic pressure, 96, 99, 233, 246 
oxalic acid, 59, 102, 105, 121, 245, 247 

oxalo acetic acid, 122 

oxidation, of glucose, 104 

oxygen. 103, 104, 197, 198-9, 217-18 

Pantothenic acid, 92, 111, 127, 285 
parasites, 1,2,11,14, 56,64,98,99,234, 
257, 283 

facultative, 235, 236 

obligate, 49, 98, 235, 236, 240, 249 

wound, 241 

parasitism, 234, 235, 264, 270 
pathogens, 175, 192 
patulin, 275 
pear scab, 137 
peas, extract of, 151 
pectin, 56, 57, 247, 254 
pectinase, 56, 247, 248, 253, 254 
preparation of, 217 
penetration, of host, 236, 241, 244 
post-, 236, 247, 249 
pre-, 236, 237 
peniciUic acid, 274 
penicillin, 1, 103, 123,196, 274 
pentosans, 57, 252 
pentoses, 54, 106, 125 
peptides, 127 
peptone, 75,108, 269 
peritbeda, 44, 86, 135, 136, 146. 149, 
151,152, 154,159,168, 175, 177, 
198, 269, 277, 284, 287 


permanganates, toxic cfTeci of, 206 
permeability of wall in spore cermina- 
tion, 214 
pcrsuJphates, 67 
petals, penetration of, 227 
pH, see hydrogen-ion concentration 
Phascolus vulgaris^ 242 
phases of germination of spores. 176 

219 

phoenocin as derivative of toluquinone 
123 

phenolic compounds, synthesis of, 103 
phenols, 253 
phenyl-alanine, 126 

phosphate, 66,97,112,114, 119,126,158 
acceptor, 119 

phosphodihydroxyacelone, 117, 119 
phosphoglyceraldehyde, 117, 119 
phospholipoids, 66 
phosphoric acid, 63 
esters, 115, 117, 148 

phosphorus, 49, 65, 66, 67, 99. 115, 
263 

phosphorylation, 66, 115, 117, 119, 125 
photosynthesis, 1, 267 
phololropism, 26, 180, 182, 287 
phragmo type. of spores, 176 
Phycomycetes, 6, 17, 18, 160, 266, 275, 
284 

pigment, 71,131,180,182,183,184, 191. 

192. 214 
pileus, 187, 194 
pimelic acid, 93, 159 
pine, 238, 259, 260. 263 
pineapple, 282 
plankton, 266 

plant tissues, volatile substances, from 
227 

Plasmodiophorales, 266 
plasmolysis, 246, 265 
plaster walls, mildewed, 172 
plastids, 249 
plectenchyma, 10 
plum, 246, 251, 252 
poisons, 114, 206 
Polypeptides, 127 
polyphenol oxidase, 71 
Polyporaceae, 194, 195 
polypores, 136 

polysaccharides, 56, 103, 106, 124, 125 
pores of Polyporaceae, 195 
potato, black scurf of, 240, 250 
blight of. 172, 239, 251 
corky scab of, 252 
dehydrated, 174 
extract of, 51, 53 
source of factor Z, 150 
swee^ 107, 252 
volatile substances, from, 227 
wart disease of, 240 
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potassium, 49, 53, 65, 66, 99 
acid phosphate, 226 
bicarbonate, 67 
carbonate, 67 
nitrate, 226 
salts, 226, 249 

powdery mildews, see mildews 
precursors, in respiration, 118 
in synthesis, 127-9 
predaceous fungi, 279, 281, 282 
presentation time, 183 
proline, 126 
promycelia, 216 
propionic acid, 63 

proteins, 1, 31, 49, 59, 61, 75, 76, 108, 
109, 126, 127, 265 
synthesis of, 64, 126 
protozoa, 278, 282, 283 
pruning, 242, 256 
Pseudomonas saccarophila., 148 
pseudoparenchyma, 10 
Psilotum, 262 

Pteridophytes, mycorrhiza in, 262 
purification of chemicals, 68 
pycnidia, 43, 135, 138, 139, 149 
Pyrenomycetes, 160, 177, 182, 185, 187, 
2 ^ 

pyridojtine, 91, 127, 285 
pyrimidine, as component of thiamin, 47, 
78-84, 129. 151, 152 
pyrithiamin, 83, 84 

pyruvic acid, 81, 82, 111, 118, 119, 122, 
153 

Quebrachitol, 89 
quercitol, 89 
quinic acid, 108 

Races, biologic, 236 
radiation, toxic effects of, 191 

effect on respiration and fermentation, 
112 

radioactive isotopes, 122 
raffinose, 55, 146 

rainfall, effect on spore dispersal, 239 
range, host, 236, 250 
rays, light, 180 
non-visible, 193 

reproduction, influence of thiamin on, 81 
resistance, host, 250, 251 
of spores, 224 
varietal, 246 
wound, 242 

respiration, 23, 81, 88, 97, 103-20, 203, 
276 

respiratory index, 106, 148 
quotient, 108 
resting spores, 212, 214 
retardation, of germination, 229 


Rhizohium leguminosarum, 61, 86, 257 
rhizoids, 268 
rhizome, 261 

rhizomorphs, 13, 25, 48, 237, 240 

rhizopin. 111 
rhizopods, 281 
Rhododen^on, 262 
RibeSf 239 

riboflavin, 47, 78, 89, 91, 95, 130, 285 
Richard’s solution, 41, 63, 70, 149, 229 
medium, see medium 
ringing of trees, 256 
ringworm, 59, 286 
Robison ester, see ester 
root, 13 

diseases of, 239, 240, 242 
hairs, 237, 258. 259 

infection of, 2^, 262 
lateral, 258, 262 
mycorrhizal, 261, 265 
parasites of, 202, 237 
roses, black spot of, 238 
rotifers, 278 

rots, 222 and many other references 
rubber, 240, 256 

rusts. 4,14,49,61,62,136,192.214,216 
217, 225, 228, 286 
Ruta^ volatile substances from, 227 


Saltation, 39, 40 
salts, inorganic, 49, 53, 54, 226 
of heavy metals, 206 
saponin, 58 

Saprolcgniaceae, 270, see moulds, w ter, 
and Saprolegnia 

Saprolegniales, 124,160,161, see moulds 
water and Saprolegnia 
Saprophytes, 1, 59,99,235,240,248,258 
saturation of atmosphere, ^ee atmo» 
sphere 

scale insects, 283, 284 
Schumann rays, see rays 
sclerotia, 10, 11, .25, 26, 31, 32, 33, 45, 
48,96.97.125,137,171,175.191, 
284 

scyllitol, 89 

sectoring of plate cultures, 38, 39, 40 
seedlings, see daroping-off 
sheep, nematodes parasitic on, 282 
shredding of cultures in relation to 
sporulation, 207 
shrimps, 57 
silicon, 49, 51, 68 

silver, inhibition of respiration by. 111 
leaf disease of plum, 251 
Sitodrepa panicea^ 2^ 
skin, diseases of, 59, see Dermatophytes 
smuts, 4,10, 80, 228, 230, 241, 256, 262 
germination of spores of, 214, 221 
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sodium, 49, 51, 68 

Huoride, 119 products, deterioration of 17 ^ 

lodMcetote, 118 of fungi, 35. 36. 40 42 127 

phosphate, 66 236, 250, 271 286 ’ ’ 

nitrate, 205, 226 165 

nitrite, 128 strawberries, 171. 222 

sulphit^ 117, 120 ^^reptococcus, 274 

eoil, con^^tion,. 202. 239. 240. 263, 268. 

microfiora of. 11, 204. 239. 240 stromata, 10, 25, 178.^284 

sterilised, 276 substitution products, of thiamin 82 

sorbitol, 59. 89 substrate, 6 . 14. 17. 58, m m 

specificity, of fungi. 255 succinic acid, 102 

of fungicides. 207 source of carbon, 53, 55 78 

of tone metabolic products, 273 ir ’ ’ 

spermagonia of rusts. 286 sporulation, 140-8 
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taxonomy, 286 

tea, diseases of, 240, 256 

telemorphosis, 156 

teleutosporcs. 4, 136, 167, 177, 237 270 
germination of, 214. 216, 217 221 
temperature, 11. 21, 27, 30. 32, 36, 37. 

effect on germination of spores, 219. 
224 

growth and sporulation, 162-8 

effect on respiration and fermentation, 
112 

spore discharge, 187 
lethal effects of, 168-70 
termites, 286 
textiles, 1, 173, 174 
thermal death point, 169 
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effect on germination, 228 
growth, 79-84 
respiration, 118 
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pyrophosphate, 118 
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129, 151, 152 

thiochronie, 83 
thiocyanate, 67 
thiosulphate, 67 
timber, 1, 13, 56, 57, 174 
Tmesipteris^ 262 
toadstools, 172, 194 
toluquinonc, derivatives of, 123 
tomato, wilt of, 248< 250,-283 
toxicity, 160, 191, 206, 218, 228, 245, 
248 

toxins, see toxicity 

trace elements, 68-72, 95, 111, 128, 149, 
206, 286 

trees, 13, 227, 259 
trehalose, 56, 107, 125 
trematodes, 278 

treinelloid outgrowths, of pilous, 176 
trimethylamine, 126 

triose phosphate dehydrogenase, 118, 

119 

trioses, 117 
triosis, 117 

trisaccharides, 55, 106 
truffles, 13, 49, 258 
tryptophane, synthesis of, 127 
tuber, potato, 227 
tuberculosis, 274 
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tungsten as trace element, 69, 128 
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turgor effect on fungal penetration of 
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tyloses, 248 
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vacuole, 2, 3 
valeric acid, 63 
valine, 126 
variation, 3-46, 48 
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vesicle, subsporangial, of Pilobolus, 180, 
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sub-stomatal, of rusts, 244 
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Vida faba, 242 
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white fly, 283 
white rot, of timber, 56 
wilt diseases, 248, 283 
wind, damage by, 2^ 

dispersal of spores by, 237-9 
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wire stem, of Crucifers, 250 
witches* broom, 256 
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wood-destroying fungi, 217 
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